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Abstract

Optical Injection Locking of Vertical Cavity Surface-Emitting Lasers: Digital and Analog
Applications

by

Devang Parekh

Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences and the
University of California, Berkeley

Professor Constance J. Chang-Hasnain, Chair

With the rise of mobile (cellphones, tablets, notebooks, etc.) and broadband wireline
communications (Fiber to the Home), there are increasing demands being placed on transmitters
for moving data from device to device and around the world. Digital and analog fiber-optic
communications have been the key technology to meet this challenge, ushering in ubiquitous
Internet and cable TV over the past 20 years. At the physical layer, high-volume low-cost
manufacturing of semiconductor optoelectronic devices has played an integral role in allowing
for deployment of high-speed communication links. In particular, vertical cavity surface emitting
lasers (VCSEL) have revolutionized short reach communications and are poised to enter more
markets due to their low cost, small size, and performance. However, VCSELs have
disadvantages such as limited modulation performance and large frequency chirp which limits
fiber transmission speed and distance, key parameters for many fiber-optic communication
systems. Optical injection locking is one method to overcome these limitations without re-
engineering the VCSEL at the device level. By locking the frequency and phase of the VCSEL
by the direct injection of light from another laser oscillator, improved device performance is
achieved in a post-fabrication method.

In this dissertation, optical injection locking of VCSELs is investigated from an applications
perspective.  Optical injection locking of VCSELs can be used as a pathway to reduce
complexity, cost, and size of both digital and analog fiber-optic communications. On the digital
front, reduction of frequency chirp via bit pattern inversion for large-signal modulation is
experimentally demonstrated showing up to 10 times reduction in frequency chirp and over 90
times increase in fiber transmission distance. Based on these results, a new reflection-based
interferometric model for optical injection locking was established to explain this phenomenon.
On the analog side, the resonance frequency enhancement was exploited for millimeter-wave
radio over fiber communications. Experimental demonstration of 4 Gb/s data transmission over
20 km of fiber and 3 m of wireless transmission at a 60 GHz carrier frequency was achieved.
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Additionally, optical injection of multi-transverse mode (MM) VCSELs was investigated
showing record resonance frequency enhancement of > 54 GHz and 3- dB bandwidth of 38 GHz.
Besides these applications, a number of other intriguing applications are also discussed,
including an optoelectronic oscillator (OEO) and wavelength-division multiplexed passive

optical networks (WDM-PON).Finally, the future of optical injection locking and its direction
going forward will be discussed.
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Chapter 1 Optical Injection Locking of VCSELSs

1.1 Introduction

Optical injection locking and its predecessors have been studied for over 400 years.
Over time, the underlying physics have been explored and its benefits experimentally verified.
In the past 20 years, optical injection locking of VCSELs has brought this technique to a low
cost, more efficient platform which provides enhancements for new applications, which will be
explored in the following chapters. Moreover, a better physical model for optical injection
locking that elucidates the physical phenomena that occur has been created.

1.2 History of Optical Injection Locking

The historical underpinnings of optical injection locking of VCSELs start from the 17"
century. Huygens observed “an odd kind of sympathy” between two pendulums swinging from
the same bar, where after some period of time both pendulums would synchronize [1]. This
coupled oscillation can be thought of as a mutually injection locked system where each oscillator
locks the other via the bar until an equilibrium state is reached. In 1966, this phenomenon was
demonstrated for injection locking of lasers for the first time, but with the addition of an isolator
between the lasers so only one laser is locked [2]. This experimental work with HeNe lasers
showed qualitative evidence of locking the secondary laser to the first. In 1980, experimental
demonstration of injection locking of semiconductor lasers was shown, with theoretical rate
equations of this phenomenon being published a year later [3-5]. This led to further work
characterizing device performance improvements in frequency chirp, resonance frequency
enhancement and noise reduction by optical injection locking [6-30].
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In the early 1990s, the first experiments on injection locking of VCSELSs were demonstrated,
recreating the phenomena seen in other semiconductor lasers, including resonance frequency
enhancement and noise reduction [31]. Long wavelength (> 1.1 um) VCSEL injection locking
research started in the early 2000s, to bring this phenomenon to a low cost platform that still can
be used for longer range fiber communications. Noise reduction, chirp reduction, and a few
applications were shown but the main contribution of this work was the record resonance
frequency enhancement to over 107 GHz for a semiconductor laser, the highest measured
directly modulated laser ever [32—48]. With all these historical achievements on understanding
the underlying physics and improving performance in singular areas, this thesis looks at using
these to build better systems and applications that exploit these performance improvements.
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Figure 1.2 Historical timeline of optical injection locking of VCSELs
until 2007



1.3 Theory of Optical Injection Locking
1.3.1 Basic Concept and Experimental Setup

The concept of optical injection locking at a cursory level is very simple. One laser
oscillator, usually referred to as the master laser, injects its output light into another laser
oscillator, referred to as the slave laser, locking the second laser oscillator in phase and
frequency to the first. One can then tune either of the lasers to extract performance
enhancements or underlying dynamics of the slave laser. Section 1.2 has gone over previous
work in this area, while this thesis will cover new theoretical models and experimental results.

o Optical Circulator 1%
 Zeam ©® 3
High Power Polarization 99% lo
Master Laser Controller

Optical
Spectrum Analyzer

-
== 1.55-um  [application

VCSEL

o oK

Network Analyzer/BERT

Figure 1.3 Typical experimental setup for optical injection locking of
VCSELs. Different subsystems are included within application.

One of the new innovations in optical injection locking and especially of injection
locking of VCSELs has been the advancement in the experimental platform. Previously, the
majority of injection locking experiments had used free space bulk optics for coupling and
isolation, poor thermal control of slave laser temperature, and poor impedance matching to the
slave laser. This led to issues with coupling losses limiting the injection ratio, wavelength drift
over time, and limited RF performance. In our setup, we have solved these issues by creating a
platform where >90% of the output light of the VCSEL 1is captured and >90% of the injected
light goes to the VCSEL, while keeping the temperature stable to +0.02 °C, and impedance
matching is limited by the intrinsic VCSEL impedance. A schematic of the basic setup is seen in
Figure 1.3 with a picture of an experimental setup seen in Figure 1.4. Figure 1.5 shows a close
up of the RF probing and lensed fiber coupling.



Figure 1.4 Picture of basic experimental setup

Figure 1.5 Close-up of lensed fiber coupling and RF probing

1.3.2 Classical Rate Equation Model

Starting from the rate equations formulated by Lamb to describe semiconductor lasers, a
few simple modifications can be made to describe an optically injection locked semiconductor
laser system [49].

dE(1) 1

d£ ):Eg[N(t)—Nth]E(t)+KEmj cos () (1.1)
dg(t) _a _ e s

a2 SO NE()mkprssing(t)-da, (12)
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dN (1)
dt

=T -7 N(O) =7+ &[N () - N, E() (13)

Equations 1.1, 1.2, and 1.3 are the injection locking rate equations that have been thoroughly
derived and studied in previous papers [3], [11], [12]. The variables used in these rate equations
are described in Table 1.1. The key additional parameters are the injection field, Eiy;, and the
phase between the two laser fields, ¢p(t). These additional terms allow for the manipulation of the
dynamics of the slave laser, by either changing the injected power or by changing the frequency
separation between the two lasers. These terms are commonly referred to as injection ratio and
wavelength detuning, respectively.

Variable Description
E(t) Slave laser field
E*(t) Square of injected laser field (# of photons S(t))
Einj Master laser field injected into slave laser
g Gain coefficient = I'v,g, /V,
N(t) # of carriers
Ni Threshold carrier number
o(t) Phase difference between master and slave laser field
o Linewidth enhancement factor
Aw Oinj — WFR
J Carrier density
YN Carrier recombination rate
Yp Photon decay rate
K Coupling coefficient = (v4/2L)(1-R)"*
r Confinement factor of slave laser
Vg Group velocity of field inside cavity
R Mirror reflectivity of slave laser
L Slave laser cavity length
2n Differential gain of slave laser
Va Volume of the active region of the slave laser

Table 1.1 Parameters for injection locking rate equations

1.3.3 Reflection-based Rate Equation Model

Figure 1.6 shows the schematic of an optically injection locked VCSEL with master
reflection accounted for. The master laser field £;,; impinges onto the front facet of the VCSEL
and is split into transmitted and reflected fields [50]. The transmission interacts with the VCSEL
cavity, described by the standard injection locking rate equations. A steady state is reached inside
the cavity and its output E; is phase coherent with E;,;, with a phase shift ¢, ranging from -0.57 to
cot'a,. g, which is determined by the wavelength detuning described earlier [33], [51].

The total output field E; is the sum of the slave field, E; and the reflection of the master
laser Ej,r, where r is the reflectivity of the top facet of the VCSEL, with a phase shift ¢,
depending on VCSEL’s top mirror structure and 4,,. In previous models, only the interaction of
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the injected laser field and slave laser field was considered and, therefore, the interference
between E and E;,» was ignored. The total output power of the steady state can now be written
in equation form as,

P=P+P r+2,/PP,rcos(p,—¢.) (1.4)

inj inj

where P, and P;, are the optical power corresponding to the electrical fields E;, and E;,;
respectively. Figure 1.7 shows the output power for a simulated OIL-laser neglecting the master
laser reflection. Figure 1.8 shows the output power when the interference effect of master laser
reflection is taken into account. The total output power P; increases with injection ratio (defined
as 10*logo(P;,i/Pys), where Py is the slave laser free running output power), which is the same in
both cases. With the inclusion of reflection (Figure 1.8), however, P, decreases with detuning.
This is because ¢, increases from -0.57 to cot’a, leading to a more destructive interference and
therefore a lower total output power.

E, Emy E, Ejy = Ejnjo 00890
F E; = Eg008(@a{itey)
E, = Enplricos(palli+o,

Destructive
Interferance

EmEsE,

Detuning: dd=i,=-4,
Injection retlo; A=y / P

CIL-VC3EL

Figure 1.6 OIL-VCSEL model with the interference effect. Total
output field E~E+E,.[50]
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Small signal analysis is then simulated based on the injection locking rate equations with the
master reflection now accounted for [3], [18], [33], [51]. Under modulation the output power of
the slave laser and its phase both experience a perturbation, which can be represented as AP, and
Ag, respectively. Now based on Equation 1.4 the total output power can be represented as
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P +AP = (P +AP)+ P’ +2.[(P,+ AP,)P,r cos(p, + A, —,) (1.3)

Figure 1.9 shows the small-signal frequency response of AP; for different detunings, with the
magnitude referenced to the free running case. As the master laser is detuned from blue (shorter
wavelength) to red (longer wavelength), a low frequency/DC suppression is seen in the
magnitude response. The DC-suppression is caused by a @ phase change in the phase response,
which displays itself as a pattern inversion under large signal modulation (Figure 1.10).
Furthermore, this DC suppression condition is the exact state that the transition (between
inversion and normal pattern) state occurs at under large signal modulation. This DC suppression
can be attributed to the destructive interference between the OIL-VCSEL internal output field,
E;, and the master laser reflection light, E,, off the top facet. Also, by increasing the detuning, the
DC-suppression vanishes and a large RF gain is obtained at low frequencies, which can also be
attributed to the interference effect. Therefore, once can predict the polarity and qualitative
magnitude of large signal-modulation from the small-signal magnitude and phase response.
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Figure 1.9 Relative magnitude response simulation for OIL-VCSEL
small-signal frequency response curves for different detunings,
compared with the free running case.[50]
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To simulate large signal on-off keying (OOK) an ODE solver was used to simulate the data
pattern. We then define extinction ratio r, = 10log;o(P;;/P;2), where P,; and P,, are the output
powers corresponding to the high and low level of the modulation current, therefore negative
extinction ratio indicates data pattern inversion. In Figure 1.11 we show the simulated 1 Gb/s
data pattern for different detunings. Note that average total output power is decreasing with
detuning as predicted by Figure 1.8. When detuning is increased, the data pattern changes from

8



normal to the transition state, and then to an inverted state. Figures 1.12 and 1.13 show the RF
magnitude response and the extinction ratio of the data pattern on the same locking map. From
the figure it is clear that the DC-suppression matches to the transition state, the condition where
the extinction ratio is zero. The arrow on Figure 1.13 indicates the injection ratio condition for
which the data pattern in Fig. 1.11 is simulated.
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Figure 1.10 Phase response for OIL-VCSEL small-signal frequency
response curves for different detunings, compared with the free
running case. [50]
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Figure 1.11 Simulation results for 1 Gb/s data pattern for different
detunings. [50]



Figure 1.12 . Simulation results for the RF response of the small-signal
analysis at 1 GHz of the 1 Gb/s OOK large-signal modulation on the
same locking map. [50]

S 4 & 8 10 12 14 18 18
inacticn Rafle [dB)

Figure 1.13 . Simulation results for the extinction ratio of the 1 Gb/s
OOK large-signal modulation on the same locking map. The blue line
indicates the conditions where »,.=0.[50]
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1.3.4 Experiment

Verification of the simulations results was carried out using the experimental setup
described in Section 1.3.1 with a network analyzer used for small-signal frequency response and
wide-bandwidth oscilloscope to monitor the large signal data patterns. The VCSEL was biased at
4 mA with approximately 0.5 mW output power [52]. With a fixed injection ratio of 11 dB, both
the frequency response of the OIL-VCSEL under small-signal modulation and the data pattern at
1 Gb/s OOK large-signal modulation were measured for different detunings, shown in Figures
1.14-1.16. The phase response was distorted above 24 GHz, due the low RF response for the free
running VCSEL (Figure 1.15). For blue detunings, the damping was small and the data pattern
was the same polarity compared with the free running case. Setting the detuning to 0.134 nm, a
large DC-suppression was observed, corresponding to the transition state of the large-signal
modulation. Further detuning to the red, the DC-suppression vanished, with a © phase shift and
data pattern inversion. Continued detuning to the red resulted in higher RF gain at low
frequencies.

Detuning and Injection ratio were then swept across the locking map with the VCSEL biased
at 5 mA. The RF magnitude response and the extinction ratio of the 1 Gb/s OOK modulation
was compared on the same locking map, as shown in Figures 1.17 and 1.18. Large-signal
modulation locking range was smaller than the locking range of the small-signal modulation due
to the larger perturbation of the large-signal modulation. The DC-suppression condition in Figure
1.17 and the transition state line in Figure 1.18 are in the same position on the locking map,
indicating that they are the same condition but under different modulation strengths.

' 1.036nm {a}

0.134nm 0.230nm

W5 10 18 & 38 40 40 0

Figure 1.14 Magnitude RF response of the small-signal modulation of
the OIL-VCSEL for different detunings (at a fixed injection ratio). [50]
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Figure 1.15 Phase RF response of the small-signal modulation of the
OIL-VCSEL for different detunings (at a fixed injection ratio). [50]
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Figure 1.16 Simulation results for 1 Gb/s data pattern for different
detunings. [50]
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1.4 Summary

In this chapter, we have described the history and theory of optical injection locking of
semiconductor lasers. Over the years, optical injection locking has transformed from a
laboratory physics experiment into a practical performance enhancer for telecommunications.
Moreover, its underlying theory of operation has become more robust and provides more
intuitive understanding of its performance enhancements.
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Chapter 2 Analog Applications of Optically
Injection Locked VCSELSs

2.1 Motivation

Analog fiber optic communications have provided numerous benefits over the years from
cable TV to cellular backhaul. However, performance limitations especially in bandwidth
hamper its adoption in many other applications. Optical injection locking of VCSELSs provides a
solution for this by extending the usable bandwidth of a low cost optical transmitter as well as
improving other figures of merits. In this chapter, the bandwidth extension as well as
applications based on this phenomenon will be explored.

2.2 Resonance Frequency Enhancement
2.2.1 Single Transverse Mode VCSEL

Resonance frequency enhancement of directly modulated lasers is one of many
enhancements that OIL has demonstrated, and it has been independently verified by numerous
groups. Previous systematic studies have been done on 1.55-um VCSELs in the ultra-high
injection regime, showing resonance frequency enhancement into the millimeter-wave range.
However, these have experiments have been equipment-limited in their measurement technique.
Therefore, a larger range of injection ratios and detuning were not explored. In the following
section we extend this systematic study to show > 100 GHz resonance frequency and >80 GHz
3-db bandwidth[45], [53].

The experimental setup is shown in Figure 1.3. An off-the-shelf commercial DFB laser is
used for the master laser with a specified maximum output power of 40 mW. The slave laser is a
buried tunnel junction (BTJ) 1550 nm single transverse mode VCSEL with a 3-dB bandwidth of
over 10 GHz, threshold current of 0.6 mA and maximum output power of > 1 mW [52].
Temperature control of the VCSEL is provided via the control scheme described in Section
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1.3.1.0Output light from the VCSEL is coupled via a lensed fiber and then coupled to a circulator
to allow for unidirectional injection locking. Polarization is matched between the master and
slave laser using a polarization controller to achieve the maximum injected power. The VCSEL
is biased and modulated through a 1-mm coaxial cable and bias tee connected to a 110 GHz mm-
wave probe for on-chip measurements. To view the optical spectra a 99/1 coupler is placed after
the circulator. For measurement a 110 GHz network analyzer is used to provide the test signal
which is converted back to the electrical domain by a photodetector with a 3-dB bandwidth of 84
GHz and then processed by the network analyzer. Resonance frequency enhancement due to
wavelength detuning was tested first by keeping the injection ratio constant and varying the
wavelength of the master wavelength. Figure 2.1 shows the small-signal frequency response and
Figure 2.2 shows the optical spectra of the VCSEL at various detuning values under a constant
external light injection of 16 dB with the free-running response shown as a reference. The
VCSEL was biased at 2 mA with 0.43 mW light output power and 6-GHz free running resonance
frequency. The master laser was tuned across detuning values from -0.748 nm to -0.906 nm,
resulting in the resonance frequency peak increasing from 92 GHz to 107 GHz, which is a record
for directly modulated semiconductor lasers. However, this is not a device limitation but an
instrumentation limitation still.
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Figure 2.1 Frequency response of an OIL VCSEL at various detuning
values. A record resonance frequency of 107 GHz is shown. [53]
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Figure 2.2 Optical spectra of an OIL VCSEL at various detuning
values. [53]

Besides wavelength detuning, the resonance frequency enhancement can be obtained by
varying the master laser power. Figure 2.3 shows the magnitude frequency response and optical
spectra of the OIL VCSEL at different injection ratios, with the resonance frequency increasing
with higher injection ratios. The corresponding optical spectra is shown in Figure 2.4. From
these two parameters, it can be seen that increasing injection ratio and detuning to the blue will
provide the highest resonance frequency enhancement.
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Figure 2.3 Frequency response of an OIL VCSEL under various
injection ratio levels. The detuning is adjusted to result in a resonance
peak with ~ 20 dB gain for all the cases. [53]
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Figure 2.5 3-dB frequency response enhancement of an OIL VCSEL to
80 GHz. [53]

2.2.2 Multi-Transverse Mode VCSEL

Optical injection locking (OIL) of single-mode (SM) VCSELSs has previously been demonstrated
to improve both modulation speed and transmission distance [34], [39], [54]. 107 GHz
resonance frequency and 80 GHz intrinsic 3-dB bandwidth for an OIL SM VCSEL has been
experimentally demonstrated [53]. Injection locking of multi longitudinal-mode Fabry-Perot
(FP) lasers has also been shown to increase the 3-dB bandwidth by a factor of 2 [55]. However,
further improvement of multi longitudinal-mode FP lasers is limited by the spacing between the
adjacent longitudinal modes, which limits the locking range thus the bandwidth of the frequency
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response. Previous work has also studied MM VCSELs under weak optical injection showing
higher-order mode suppression and polarization switching, however no frequency response
enhancement was shown [56], [57].

[ 1st order mode Fundamental mode
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Figure 2.6 Optical spectra of 10um MM VCSEL. The tranverse modes
are spectrally and spatially distinct.[58]

In this section, we investigate optical injection locking of MM VCSELSs to improve device
performance under direct modulation. We show a 54 GHz resonance frequency and 38 GHz 3-
dB bandwidth for an OIL MM VCSEL with a free running bandwidth of 3 GHz. Leveraging the
spectrally and spatially well separated transverse modes of MM VCSELs (Figure 2.6) we also
show a tailorable frequency response. We believe that this result can provide an excellent
solution for low-cost upgrades of existing short-reach optical networks.

2.2.3 Resonance Frequency and 3-dB Bandwidth Enhancement

The experimental setup, Figure 2.7, is similar to previous single-mode optical injection locking
experiments with the single-mode slave laser being replaced by a MM VCSEL. We use a
commercial off-the-shelf CW DFB laser with a maximum output power of ~80 mW as the
master laser. A MM VCSEL designed with a buried tunnel junction (BTJ) structure to confine
both current and light is employed as the slave laser. The MM VCSEL has a 10 um aperture, 6
mA lasing threshold and a maximum output power of ~ 5 mW at 25-mA bias [52]. Output of the
MM VCSEL is coupled via a cleaved SM fiber with a coupling loss of ~ 5 dB. Through the
optical circulator and polarization controller the master laser injection locks the slave laser.
Modulation is then directly imposed on the MM VCSEL by means of a high-speed RF probe.
The output of the circulator is split to an optical spectrum analyzer to record the optical spectra
and to a photodetector so small-signal frequency response (Agilent E8361A) can be tested. To
achieve high injection power ratio, Puaster/Psiave, While still maintaining multimode behavior, the
VCSEL was biased at 10 mA with 1.2 mW output power. As seen in Figure 2.6 (black trace), the
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VCSEL emits a fundamental mode, the longer wavelength mode, and a first-order mode, which
has degenerate polarization modes.

Circulator

Polarization
Controller

Figure 2.7 Schematic of MM OIL resonance frequency enhancement
experimental setup

In the first experiment, we investigate resonance frequency enhancement of the MM VCSEL
with respect to the free running case. As the fundamental mode has similar spatial characteristics
to the injected light and a single dominant polarization mode, it is selected for this experiment.
Similarly to the single-mode case, to get resonance frequency enhancement the master laser
wavelength is shorter than the slave laser wavelength (AA=Amaster- Asiave 1S Negative). Figure 2.8
shows the optical spectra for various detuning values when the master laser is detuned to
wavelengths shorter than the slave laser wavelength while the injection power ratio (~8.1 dB) is
held constant. The higher-order mode is suppressed under strong optical injection locking,
effectively making it a single-mode laser. The side mode suppression ratio are 49.4, 37.2, 28.1,
and 24.4 dB, for -0.245, -0.293, -0.341, and -0.365 nm detuning values, respectively. Figure 2.9
shows the resulting small signal modulation responses. The resonance frequency enhancement is
significant comparing to the free running (black trace) case MM-VCSEL. Note that the data
shown in Fig. 2b include the VCSEL device parasitics (estimated to be 10 GHz), and the
measurement system parasitics such as the electric probe (40 GHz), photo-detector (50 GHz) and
the bias tee (50 GHz). The ripples in the frequency response are caused by reflections off of the
cleaved fiber, and can be reduced by switching to a lensed fiber. The 54 GHz resonance
frequency is a record value achieved for directly modulated MM VCSEL, to the best of our
knowledge.
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Figure 2.8 Optical spectra of 10 um 1550-nm multimode VCSEL
under optical injection with constant injection ratio (~8.1 dB) and
negative detuning. [58]
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Figure 2.9 Frequency response of 10 um 1550-nm multimode VCSEL
under optical injection with constant injection ratio (~8.1 dB) and
negative detuning. [58]

For the case when the master laser wavelength is detuned to a longer wavelength (AM is
positive) than the slave laser fundamental mode, a flat frequency response can be achieved with a
large 3-dB bandwidth enhancement. Figure 2.10 shows the optical spectra for such cases. The
injection power is again held constant (9.03 dB) and the master laser is detuned to longer
wavelengths than the slave laser. The higher order mode is suppressed in this case also with a
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side mode suppression ratios of >70dB for detuning values of 0.208, 0.582, and 0.778nm.
Corresponding frequency responses are shown in Figure 2.11, with a record 38 GHz 3-dB
bandwidth at AL =0.21nm. Note again that the data shown in Figure 2.11 includes the system
parasitics and has rippling due to the cleaved fiber similarly to Fig. 2.9.

Injection Ratio = 9.03 dB
I Ax=0.778nm f \ l

I A2=0.582nm f\ |
_ A2=0.208nm /\ |
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Figure 2.10 Optical spectra of 10 um 1550-nm multimode VCSEL
under optical injection with constant injection ratio (~9.03 dB) and
positive detuning. Black trace is free running MM VCSEL. [58]
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Figure 2.11 Frequency response of 10um 1550-nm multimode VCSEL
under optical injection with constant injection ratio (~9.03 dB) and
positive detuning. Black trace is free running MM VCSEL. [58]
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2.2.4 Spatial Detuning

In the previous section we explored optically injection locking the fundamental mode due to its
spatial mode profile being similar to the single-mode case. In this section we investigate
injection locking of higher order transverse modes and spatial detuning to preferentially select
modes. A 15 um aperture MM VCSEL biased at 12 mA with 1 mW output power and a lensed
SM fiber are used for this experiment to provide a highly multimode slave laser and to provide
better selective coupling respectively. Additionally, the master laser was replaced with an
external cavity tunable laser with an erbium-doped fiber amplifier (EDFA) to achieve high
injection ratios due to the large coupling loss. In Figure 2.12 we see the optical spectra for the
MM VCSEL where output coupling is optimized (~12 dB coupling loss). The first order mode is
the dominant mode in this case. Optically injection locking to achieve resonant frequency
enhancement on this mode results in a double peaked frequency response due to the degeneracy
of the polarization modes (Figure 2.13).

Spatially scanning the lensed fiber across the aperture of the VCSEL to make the
fundamental mode the dominant mode, results in the data shown in Figure 2.14 (black trace).
Optically injection locking the dominant (fundamental) mode now results in the single peak
resonance frequency enhancement. 30 GHz resonance frequency is achieved at a detuning of -
0.136nm with 40 dB higher-order mode suppression (Figure 2.14). This result shows that
performance enhancement is possible by spatially selecting preferable spectral characteristics of
the MM VCSEL

I Injection Ratio
6.0 dB

Ax=-0.148nm

Ax=-0.22nm
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Running

o Optical Power (50dBitick)

415 1542 15425 1543 15435 1544
Wavelength (nm)

Figure 2.12 Optical spectra of 15um 1550-nm multimode VCSEL
under optical injection with constant injection ratio (~6 dB) and

negative detuning with 1¥ order mode selected as the dominant mode.
[58]
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Figure 2.13 Frequency response of 15um 1550-nm multimode VCSEL
under optical injection with constant injection ratio (~6 dB) and
negative detuning with 1¥ order mode selected as the dominant mode.
Dual peak in frequency response is due to dual polarization modes of
the 1* order mode. Black trace is the free running MM VCSEL. [58]
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Figure 2.14 Locking range for MM VCSEL with two transverse
modes, optimized for locking on fundamental mode. [58]

Figure 2.14 plots the experimental locking range of the multimode VCSEL across different
detunings and injection ratios. Two distinct locking regions can be seen (red and blue)
corresponding to the two transverse modes. Asymmetry of the locking range with respect to the
original mode can be seen and attributed to the linewidth enhancement factor of the VCSEL.
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2.2.5 Resonance Frequency Enhancement in Large Aperture VCSELSs

In this section, we investigate optical injection locking of large (> 15 um) aperture devices
using a single mode CW master laser. Optical injection locking of a 20 um aperture device
shows a 7X improvement in 3-dB bandwidth and resonance frequency, while for a 30 um
aperture VCSEL we achieved 30 GHz 3-dB bandwidth and 28 GHz resonance frequency
enhancement from a free running 3-dB bandwidth of 2 GHz. We believe this result will allow
high power extremely large aperture OIL VCSELSs to be used in FTTx and metro networks.

The experimental setup is shown in Figure 1.3. An 80 mW commercial DFB laser is used as
the master laser. Buried tunnel junction 1550 nm VCSELSs with aperture sizes of 20 and 30 um
are used as the slave laser. The 20 um aperture VCSEL has a threshold of 40 mA and >1 mW
output power at 45mA, while the 30 um aperture VCSEL has a threshold of 55 mA and output
power of >5mW at 60 mA. Light emission is coupled into a single mode lensed fiber with a 5
pm spot size with ~12 dB coupling loss for the 20 um and ~16 dB for the 30 um. The VCSEL is
optically injection-locked by the master through a circulator and polarization controller.
Modulation is then directly applied to the VCSEL by an RF probe (65 GHz) and small-signal
frequency response is measured using and Agilent E8361A

In the first experiment the 20 um VCSEL is biased at 45 mA where it exhibits a 3-dB
bandwidth of 2 GHz and a multimode spectra Figures 2.15 and 2.16 (black trace). Optically
injection locking the VCSEL we obtain a flat response with 3-dB bandwidth of 15 GHz when the
master laser is detuned -0.59 nm from the slave laser (Figures 2.15 and 2.16 (red curve)). An
enhanced resonance frequency of 12 GHz is obtained a detuning of 0.41 nm (Figures 2.15 and
2.16 (blue curve)). Side mode suppression ratios of 57.45 dB and 65.65 dB were achieved
respectively. Further enhancement was not seen due to device failure. Also note the data is raw
data including VCSEL RC parasitic and measurement system parasitics.
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Figure 2.15 Small-signal frequency response for a 20 um aperture
VCSEL. Resonance frequency increases from 2 GHz up to 12 GHz and
3-dB bandwidth of 15 GHz is obtained.
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Figure 2.16 Optical spectra for 20 um aperture VCSEL. OIL occurs on
the fundamental mode. The higher-order transverse modes and
spontaneous emission are suppressed under external light injection

Figures 2.17 and 2.18 show the small signal frequency response and optical spectra of the OIL
30 um aperture VCSEL. The free running laser behaves similarly to a single mode laser, likely
due to the higher order transverse modes not lying within the spot of the lensed fiber. Optically
injection locking at -0.19 and -0.22 nm at an injection ratio of 0.8 dB we see the characteristic
resonance frequency enhancements to 20 and 28 GHz with optical side mode suppression ratios
of 52.8 and 53.87 dB respectively. At a detuning of -0.06 nm and injection ratio of 0.8 dB a 3-
dB bandwidth of 30 GHz is achieved with a side mode suppression ratio of 53.41 dB.
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Figure 2.17 Small-signal frequency response for 30 um aperture
VCSEL. Resonance frequency increases from 2 GHz up to 28 GHz and
3-dB bandwidth of 30 GHz is obtained.
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Figure 2.18 Optical spectra for 30 pm aperture VCSEL. OIL occurs on
the fundamental mode. The higher-order transverse modes and
spontaneous emission are suppressed under external light injection.

2.2.6 Locking Range of Multimode VCSELs

The experimental setup consists of a commercial CW DFB laser (master) with ~ 80mW
maximum output power and a 1550nm buried tunnel junction MM VCSEL (slave) with a 15-um
aperture size. The lasing threshold of the MM VCSEL is 10 mA and maximum output power is
~ 6 mW at bias of 35 mA. Master light is injected into the MM VCSEL by means of a 3-port
circulator with port 2 coupled to a polarization controller to maximize injection ratio and then
coupled to the VCSEL by a lensed fiber with 12-dB coupling loss (optimized). The output of
port 3 of the circulator is then split 90/10 to a photodetector and optical spectrum analyzer,
respectively. Modulation is directly applied onto the VCSEL via a high-speed probe (40 GHz).
Small-signal frequency response is tested using Agilent E§361A network analyzer

In this experiment, the VCSEL is biased at 14 mA (1.4x Iy) with ~ImW output power to
maximize injection power ratio, Pumaster / Psiave, While still maintaining multimode behavior. At
this bias the VCSEL emits three distinct transverse modes separated by ~ 0.8nm (Figure 2.19
black trace). The 2™ order (shortest wavelength) mode is the dominant mode, followed by the 1%
order mode and the fundamental (longest wavelength) mode. When optically injection locked,
each of the three modes has a distinct locking range with unlocked regimes between the modes.
Injection locking is first applied to the 2" order mode, with an injection ratio of -2.97 dB (Figure
2.19 blue trace). As the master is tuned towards the longer wavelength the 2nd order mode
becomes unlocked when detuning (AA=Amaster-Aslave(fundamental) AL = -1.436 nm until the master is
detuned near the 1% order mode (AL = -1.018 nm) and becomes locked again (Figure 2.19).
Detuning the master to even higher wavelengths causes the laser to unlock again (AA=-0.368nm)
and then relocks onto the fundamental mode (AL = -0.05 nm). In these three distinct locking
regions we see improved frequency response, i.e. enhanced resonance frequency.
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Figure 2.19 Optical spectra of MM VCSEL under optical injection at
various detunings showing different locking regions of each transverse
mode. Black trace is free running MM VCSEL[59]

2.2.7 Conclusion

Record resonance frequency and 3-dB bandwidth enhancement are shown for a directly
modulated multimode 1550-nm VCSEL under optical injection locking. Spectral detuning for
transverse mode selection was also shown to improve performance and provide tenability of
frequency response. Results are limited only by system parasitics and maximum master laser
output power, which if alleviated will result in performance similar to a single-mode OIL
VCSEL. Furthermore, this technique will also improve performance for 850 nm and 980 nm MM
VCSELs.
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2.1 Millimeter-Wave Radio over Fiber Transmission
2.1.1 Motivation

As the demand for high-data rate wireless applications increases (HDTV, Wireless HD, etc.),
the bandwidth of distribution networks needs to keep pace with their explosive growth.
Millimeter-wave (mm-wave) wireless communications have attracted interest to solve this
problem due to 7-GHz of unlicensed spectrum (57-64 GHz) in this band, but high atmospheric
loss limits its propagation to very short distances. To extend the reach at these mm-wave
frequencies, Radio-over-fiber (RoF) has been proposed as a promising solution due to optical
fiber’s extremely large bandwidth and low transmission loss.

Various schemes have been demonstrated for 60 GHz RoF using external modulators with
double sideband (DSB) modulation. However, most modulators have bandwidths of less than 40
GHz and require frequency multiplication to achieve 60 GHz and beyond [60-62]. Secondly, the
DSB modulation scheme suffers from dispersion-induced fading as the two sidebands walk off
from each other in phase. Furthermore, the DSB dispersion precludes advanced modulation
formats from being used, limiting transmission to spectrally inefficient ASK [63].

In this section, we demonstrate the efficacy of a directly modulated optically injection locked
(OIL) VCSEL as a 60 GHz RoF transmitter. By using an OIL VCSEL the transmitter can be
greatly simplified, as OIL VCSELs have been shown to support frequencies up to 107 GHz.
Moreover, since modulation of an OIL VCSEL is inherently single sideband (SSB), the effects of
dispersion-induced fading are greatly reduced. These features allow us to demonstrate
transmission of 4 Gbps amplitude shift key (ASK) modulated data and 2 Gbps quadrature phase
shift key (QPSK) subcarrier modulated data at 60 GHz over 20 km of standard single transverse
mode fiber (SSMF) followed by 3 m of wireless transmission.

2.1.2 Optical Injection Locking for RoF
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Figure 2.20 Optical spectra of OIL VCSEL with single RF tone applied
at different frequencies. Single sideband behavior is seen as frequency
approaches cavity mode.
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Injecting the output of a continuous-wave (CW) master laser into a slave VCSEL (biased
above threshold) locks the VCSEL wavelength to the master wavelength and red-shifts the
VCSEL cavity mode. Using this phenomenon we have previously demonstrated enhanced
resonance frequency (107 GHz) and intrinsic 3-dB bandwidth (80 GHz). Additionally, we have
shown reduced chirp and extended transmission distance with OIL VCSELSs.
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Figure 2.21 Frequency response of different fiber lengths measured
with the OIL VCSEL transmitter (fr=64 GHz). Amplitude
fluctuations lessen at 60 GHz, indicating less dispersion-induced
fading for SSB modulation

The key to these results is that under modulation an optically injection locked VCSEL, only
amplifies the upper modulation sideband since the VCSEL cavity mode is red-shifted, while the
lower sideband is attenuated making the VCSEL a SSB transmitter [64]. Figure 2.20 illustrates
this in the optical domain. As the frequency of the single RF tone modulation of the OIL
VCSEL is increased the upper modulation sideband to lower sideband optical power ratio
increases from 7.75 dB at 25 GHz to 21.36 dB at 60 GHz. Large chirping of the cavity mode is
also only observed for modulation below 10 GHz, indicating that the system is no longer limited
by the dynamics of the free running VCSEL. To confirm this SSB behavior, we also performed
the fiber-transfer-function-method (FTFM) to measure fiber dispersion [65]. In Figure 2.21, the
OIL VCSEL small-signal frequency response after propagation across different fiber lengths is
shown normalized to the back-to-back (B2B) frequency response. Fiber launch power is kept
constant for all distances to 5.4 dBm. At low frequencies a large amplitude swing of 19.1 dB
after 20 km of SSMF propagation is seen as the two modulation sidebands disperse in phase and
interfere with each other. As the modulation frequency approaches the offset frequency of the
VCSEL cavity mode, the amplitude fluctuation reduces to 1.3 dB after 20 km of SSMF
propagation, indicating less dispersion impairment and that the OIL VCSEL has transitioned to
being a SSB transmitter in agreement with the optical spectra data. Based on the spacing of the
amplitude dips, the chirp factor (aH) was calculated to be 3.08 with a fiber dispersion of 16.69
ps/nm*km. Positive frequency response at lower frequencies is due to frequency to intensity
modulation (FM-IM) conversion of the chirp of the OIL VCSEL over the dispersive fiber [66].
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2.1.3 60 GHZ RoF without Master Laser Suppression
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Figure 2.22 Experimental setup of OIL VCSEL RoF transmission
system

Figure 2.22 shows a schematic of the experimental setup. A 60 GHz electronic local
oscillator (LO) is mixed with a baseband signal generated by a pulse pattern generator (PPG) and
then connected via bias-T to the VCSEL. The VCSEL is a 1540 nm single transverse mode
buried tunnel junction (BTJ) VCSEL with maximum output power of ~ 3 mW and ~70%
coupling efficiency to lensed fiber, acts as the slave laser. A high power CW distributed
feedback master laser then injects into the VCSEL via a circulator. A polarization controller
(PC) is used to maximize injection ratio efficiency by matching the master laser polarization to
that of the slave VCSEL. The output of the circulator is then sent over various lengths of SSMF.
A 70 GHz photodiode is then used to detect the signal and then amplified by a low noise
amplifier and sent to a mixer with the same LO signal for downconversion. Following,
downconversion the baseband signal is sent to a bit error rate tester (BERT).
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Figure 2.23 Small-signal frequency response with resonance frequency
at 60 GHz after injection locking. Free running VCSEL response
shown for comparison
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By adjusting the injection ratio (R=Pypaster/Psiave) and wavelength detuning (AA=AMaster-Aslave),
a wide bandwidth mm-wave transmitter can be created with the desired frequency response.
VCSEL bias was set to at 4.7 mA with ~ 1 mW output power and the master laser was biased at
218.9 mA with output power of 40.7 mW. In this case, we have negatively detuned the master
laser with respect to the VCSEL to optimize the resonance frequency for 61 GHz and to use the
slope of the resonance to compensate electrical losses and nonlinearities. Operating near
resonance is typically associated with high relative intensity noise (RIN) for directly modulated
lasers; however, since this VCSEL is injection locked the RIN is suppressed even at resonance.
Figure 2.23 shows the small-signal frequency response for the free running VCSEL and for the
OIL VCSEL. The free running VCSEL has a bandwidth of 8 GHz while the OIL VCSEL has
response at mm-wave frequencies with 3-dB bandwidth of 8 GHz centered at 61 GHz. However,
there is a 25 dB drop in resonance frequency peak response requiring higher gain electrical
amplifiers at the receiver.
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Figure 2.24 Optical spectra of OIL VCSEL ROF link without
modulation (black), with 60 GHz carrier (blue), and with 60 GHz
carrier and ASK modulation.

In Figure 2.24, the optical spectra are shown for the OIL VCSEL with the 60 GHz carrier and
ASK data in various states. For the OIL case with no modulation, the optical carrier (master
laser mode) to upper sideband power, in this case cavity mode suppression ratio (CSR) is 58.85
dB. With the LO carrier on the CSR ratio improves to 53.7 dB, and improves to 42.71 dB once
the ASK modulation is added. This large ratio between the modes contributes to poor
modulation efficiency requiring high fiber launch powers to achieve reasonable response
amplitude or extinction ratio for digital data. The CSR for the lower sideband were 70.31 dB for
carrier on without data and 64.92 dB for carrier and data both on, again confirming the SSB
nature of the OIL VCSEL system.

Baseband ASK modulation was tested at a bit rate of 2 Gb/s with pseudo-random bit
sequence (PRBS) of length 2°'-1. This data was directly modulated onto the VCSEL after
mixing with a 60.5 GHz carrier. Fiber launch power was set to 9.5 dBm, to maximize response
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and achieve partially open eyes of the 60 GHz signal, due to the large CSR. Bit error rate versus
received optical power curves for propagation over 0.5, and 1 km of SSMF are shown in Figure
2.25. For the 500 m and 1 km case we observe slight improvement in the bit error rate compared
to the B2B case at the same received power before flooring occurs at BER<10®. This floor is a
result of the poor extinction ratio caused by the high CSR thus requiring high fiber launch
powers limiting its usefulness for practical systems.
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Figure 2.25 BER curves for 2 Gb/s ASK baseband modulation of 60
GHz OIL VCSEL ROoF link for B2B, 500 m and 1 km fiber.

2.1.4 60 GHZ RoF with Master Laser Suppression

To alleviate the small extinction ratio, we modified the experimental setup (Figure 2.26) to
suppress the master laser mode. This was accomplished by using narrow bandwidth optical
filters after the circulator adjusted so the master was attenuated and the cavity mode and 60 GHz
carrier were located in the passband. Another EDFA was also added to compensate for the
insertion loss of the bandpass filters. Figure 2.27 shows the resulting optical spectra with filters
and added EDFA. The CSR ratio is now 18.21 dB without the 60 GHz carrier or ASK
modulation, 12.4 dB with the carrier on, and 1.58 dB with both carrier and data on. This
equalization of the master to the sideband alleviates the need for high fiber launch power and
improves the extinction ratio [67].

Figure 2.26 Experimental setup of OIL VCSEL RoF transmission
system with wireless transmission
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Figure 2.27 Optical spectra of OIL VCSEL RoF link with filters and
EDFAs and without modulation (black), with 60 GHz carrier (blue),
and with 60 GHz carrier and ASK modulation.

Figure 2.28 shows the small-signal frequency response for the free running VCSEL and for
the OIL VCSEL after passing through the filters and EDFAs. The free running VCSEL has a
distorted response as low frequency components are attenuated and higher frequency
components are amplified. The OIL VCSEL has still has poor response at sub-mm-wave
frequencies but at 60 GHz the amplitude of the response has been increased by 13 dB. A 3-dB
bandwidth of 18 GHz is centered at 57 GHz for the OIL VCSEL.
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Figure 2.28 EVM versus received optical power for 1 and 2 Gb/s
subcarrier modulated QPSK signals on 60 GHz OIL VCSEL RoF link
for B2B and 20 km fiber and 3 m wireless transmission.
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With this improvement in CSR, a wireless link was set up after the photodetector, with an
LNA feeding a standard horn antenna transmitting 3 meters to another standard horn antenna
amplified by another LNA and then downconverted back to baseband (Figure 2.26).
Additionally, the bit rate for ASK modulation was run at 2 and 3 Gb/s. Bias conditions of the
VCSEL and DFB were kept the same as before. These biases again gave the flattest response
over the 60 GHz band of interest and low RIN due to OIL. Figure 2.29 shows the BER curves for
2 and 3 Gb/s with length 2°'-1 pseudorandom bit sequences (PRBS) for back to back (B2B)
transmission and for 20 km fiber transmission (5.4 dBm optical power after the EDFA), both
followed by 3 m of wireless transmission. Compared to the B2B case, both 2 and 3 Gb/s data
have an improvement in receiver sensitivity in the 20 km case, the cause of which is under
investigation. A slight 0.5 dB power penalty is seen between 2 and 3 Gb/s. In Figure 2.30, the
eye diagrams are shown both for 2 Gb/s (with -9.5 dBm optical power at the receiver for B2B,
and -10.5 dBm for 20 km) and 3 Gb/s (-9 dBm for B2B, and -10 dBm for 20 km).

The VCSEL was also modulated by 4 Gb/s ASK data, with length 2°'-1 PRBS for B2B and
for 10 km fiber transmission, both followed by 3 m of wireless transmission. Figure 2.31 shows
the BER curves. The BER curve appears to have flooring at around 107. Likely cause of the
flooring is limited bandwidth devices in the RF transmitter/receiver path. Nevertheless, these
results have already satisfied the FEC limit and could possibly be further improved by using
feed-forward equalization (FFE) [63].
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Figure 2.29 BER curves for 2 and 3 Gb/s ASK baseband modulation
of 60 GHz OIL VCSEL RoF link for B2B (dashed) and 20km fiber,
and 3 m wireless transmission.
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Figure 2.31 BER curves for 4 Gb/s ASK baseband modulation of 60
GHz OIL VCSEL RoF link for B2B and 10km fiber, and 3 m wireless
transmission.

In addition to the ASK baseband modulation, QPSK subcarrier modulation of 1 and 2 Gb/s
with PRBS length 2°-1 was created by the AWG and measurements were taken for B2B and 20
km fiber transmission (5.7 dBm optical power after the EDFA) with 3 m wireless transmission.
Biasing conditions were kept the same from the ASK modulation experiment. For the 1 Gb/s
case, the subcarrier was 1 GHz away from the RF carrier (Figure 2.32), while for 2 Gb/s the
subcarrier was located 1.5 GHz away from the 60.5 GHz carrier. Figure 2.33 shows the
constellation diagram of the 1 and 2 Gb/s QPSK signals at 15 and 10(1 Gb/s)/-8(2 Gb/s) dBm
received optical power for the B2B case.
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Figure 2.32 RF spectrum of 1Gb/s QPSK subcarrier located 1 GHz
away from the 60 GHz carrier after propagation over 20 km SSMF and
3 m wireless.
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Figure 2.33 Constellation diagrams for 1 and 2 Gb/s subcarrier
modulated QPSK signals on 60 GHz OIL VCSEL RoF link after for
B2B fiber and 3 m wireless transmission at different received powers (-
15 dBm for 1 and 2 Gb/s, -10 dBm for 1 Gb/s and -8 dBm for 2 Gb/s).

Figure 2.34 and 2.35 shows the error vector magnitude (EVM) and signal to noise (SNR)
ratio for the QPSK signal versus received optical power for the two bit rates; no power penalty is
seen between the B2B and 20 km fiber transmission at either bit rate. Figure 10 shows the
constellation diagram of the 1 and 2 Gb/s QPSK signals at 15 and 10(1 Gb/s)/-8(2 Gb/s) dBm
received optical power for the B2B case.
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Figure 2.34 EVM versus received optical power for 1 and 2 Gb/s
subcarrier modulated QPSK signals on 60 GHz OIL VCSEL RoF link
for B2B and 20 km fiber and 3 m wireless transmission.
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Figure 2.35 SNR versus received optical power for 1 and 2 Gb/s
subcarrier modulated QPSK signals on 60 GHz OIL VCSEL RoF link
for B2B and 20 km fiber and 3 m wireless transmission.

2.1.5 Conclusion

We have experimentally demonstrated a directly modulated 60 GHz RoF transmitter capable
of transmitting up to 3 Gb/s ASK and 2 Gb/s subcarrier QPSK signals using an OIL VCSEL.
This demonstration shows the viability of using a directly modulated OIL VCSEL to transport
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broadband signals in the 60 GHz band for future wireless access networks. Current work is
under way to increase the bit rate and use more spectrally efficient modulation formats. Lastly,
the versatility of OIL VCSELs makes them ideal candidates for any sub-THz carrier frequency
RoOF transmission.

2.2 Optoelectronic Oscillator

The generation of low phase noise signal frequencies in the radio frequency (RF) band is
critical for applications such as radars, RF photonics, frequency standards and optical signal
processing [68]. One way of generating these signal is through an optoelectronic oscillator
(OEO) demonstrated in [69], using a narrow linewidth CW laser, high speed external modulator,
long fiber loop, and a high speed photodetector. These components are put into a loop
configuration whereby the CW laser feeds the external modulator, after which the light travels
through the fiber loop, detected by the photodetector and then the electrical signal is fed back
into the laser after amplification. With enough amplification, the loop will oscillate with high
spectral purity due to the long almost lossless cavity provided by the fiber loop. However, to
reach the oscillation threshold, high RF gain is needed, additionally the bandwidth of the RF
amplifiers and external modulator restrict the upper limit of the generated RF frequency As
described in Section 2.1 optically injection-locked VCSELs have been demonstrated to exhibit
high speed frequency response (> 100 GHz) and wide tunability of the resonance peak under
direct modulation. Moreover, the cavity mode of the OIL VCSEL amplifies the modulation
sideband, which greatly enhances the modulation efficiency at the resonance frequency. In this
section, a novel OIL OEO leveraging the high frequency and high gain resonance peak of an OIL
VCSEL is demonstrated with a spectrally pure RF tone at 20 GHz with phase noise performance
20 dB better than a commercial RF generator.

The experimental setup is shown in Figure 2.36. The optical injection portion of the
experiment is similar to that described in Section 1.3 with majority (99%) output going to the 17
km fiber loop after which it is detected by the photodetector. The electrical signal is then filtered
with a bandpass filter centered at 20 GHz, and then amplified by an RF amplifier with 45 dB of
gain. The signal is then fed back into the VCSEL through a bias tee completing the loop, with
some power tapped off via a pickoff tee to measure the generated signal. The whole setup is
thermally isolated via insulation and Plexiglas (Figure 2.37).

Once the OIL VCSEL is tuned so the resonance frequency matches the filter passband,
the loop is closed to generate the RF signal. Figure 2.38 shows the open- and closed-loop optical
spectra of the OEO, where the cavity mode is significantly enhanced after the loop is closed
indicating that oscillation is occurring. A comparison between the OIL VCSEL OEO and HP
83650B signal generator is shown in Figure 2.39 and 2.40. Comparing with a 20-GHz signal
generated by the signal generator, the phase noise of the OIL VCSEL OEO is 23 dB lower at 3-
kHz offset and 21 dB lower at 5-kHz offset.

As phase noise is inversely proportional to the square of the loop length, we chose a 17
km fiber loop, however, this in turn leads to small free spectral range as can be seen at the 10
kHz offset in the phase noise. The RF bandpass filter mitigates the mode competition by
limiting by having a bandpass of only 20 MHz at 20 GHz center frequency, but also limits the
tunability to RF oscillation. These two undesirable experimental situations can be mitigated by
operating closer to the injection locking stability edge where the RF gain and Q of the resonance
are maximized, which also reduces the amount of gain required for the RF amplifier.
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Figure 2.36 Experimental of OIL-based OEO showing DFB based
experimental setup

Figure 2.37 Thermal isolation of OIL-based OEO experimental setup
using insulation and Plexiglas
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Figure 2.38 Open loop (blue) versus closed loop (red) operation of
OEO. Enhancement of the cavity mode is seen in closed loop
operation.[70]
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Figure 2.39 Phase noise spectra of OIL VCSEL OEO versus a HP
83650 signal generator.[70]

41



Nomnalized RF Ouiput {dBc)

E 8 & B

Frequency Offset (kHz)

Figure 2.40 RF spectrum of OIL VCSEL-OEO at 20 GHz (red) versus
an HP signal generator (grey).[70]

2.3 Polarity-Switchable UWB-Monocycle Generation

{Multifunctional Generator]_
Chirp-Adjustable \\
Injection-Locked VCSEL

—
5
&
D
A
T
H
>

Master att

/

|

I

1

| || DFB [~ 103
1

|

|

! Single-mode

'or Multi-mode

G ‘]“ “““

R S —_—
bias

NRZ-data /

programmable-pattern

olp

Chirp form
Analyzer

Figure 2.41 Experimental setup of multifunctional generator using a
chirp adjustable injection-locked VCSEL followed by a tunable
interferometer. [71]

The OIL transition condition as explained in Section 2.3 is critical for the generation of UWB-
monocycles. Fig. 2.42 (a) and (b) are the 10-Gb/s NRZ input data pattern and the OIL transition
state signal, respectively. By detuning the DLI such that the OIL signal is on either the positive
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or negative linear slopes of the filter selecting either the blue or red chirp and attenuates the
other, polarity switchable differentiators are generated as shown in Fig. 2.42 (c) and (d).
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Figure 2.42 Polarity-switchable differentiator from positive and
negative slope of DLI. [71]

Figure 2.43 Measured UWB-monocycles using multi-mode VCSEL
under OIL. [71]
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Figure 2.44 RF spectrum of the UWB-monocycle of Figure 2.37
showing 129% fractional bandwidth at 5.1 GHz. [71]

Since multi-transverse mode VCSELs become single mode after optical injection, we chose to
use a 10 pm aperture VCSEL with three transverse modes for the experiment to demonstrate
UWB-monocycle generation, by using a cost-effective multi-mode VCSEL To generate the
UWB signal, the pattern generator is programmed to output a data pattern of
“1000000000000000” or one “1” bit every 16 bits, this creates one polarity of the UWB-
monocycle in Figure 1 when the DLI is blue shifted 0.04 nm relative to the center frequency of
the OIL signal. The upper half of the UWB-monocycle has FWHM of 87 ps with the lower half
of the monocycle having a FWHM of 83 ps. When the DLI is red shifted by 0.04 nm, we obtain
the other polarity of the UWB-monocycle. This monocycle has a 93 ps upper half FWHM and 78
ps lower half FWHM, a larger asymmetry than the other polarity due to the asymmetry in the
frequency chirp. The RF spectrum of the monocycle corresponding to Figure 3 is seen in Figure
7. The center frequency is 5.1 GHz with a 10 dB bandwidth of approximately 6.6 GHz (from 0.8
GHz to 7.4 GHz). This results in a generated monocycle pulse with a fractional bandwidth of
129%, which meets the FCC definition for UWB signals. Also, it can be noted that the frequency
tone spacing is 0.625 GHz which is the same as the input repetition rate (10/16 Gbps).

2.4 Summary

In conclusion, we have demonstrated that optical injection locking of VCSELs can improve
performance in analog communication systems. Resonance frequency for both single and multi-
transverse mode VCSELs can be enhanced well into the millimeter-wave range. This
enhancement allows for radio over fiber at 60 GHz where we demonstrated a 4 Gb/s data stream
over fiber and wireless. Moreover, an optoelectronic oscillator was demonstrated showing better
phase noise performance at 20 GHz than commercial signal generators.
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Chapter 3 Digital Applications of Optically
Injection Locked VCSELSs

3.1 Motivation

Digital fiber optic communications have become the workhorse of today’s wireline
communication systems. However, performance limitations especially in bandwidth hamper its
adoption in many applications. Optical injection locking of VCSELs provides a solution for this
by modifying the dynamics of the VCSEL and thus improves performance. In this chapter, the
different applications and .performance enhancements for digital fiber communications by
optical injection locking are explored.

3.2 Adjustable Pattern Inversion
3.2.1 Single Transverse Mode VCSEL

The experimental setup is the same as that described in Section 1.3.1. A VCSEL with a
threshold of 0.6 mA and maximum output power of ~ 1.5 mW biased at 10 mA was used with a
CW DFB master laser with maximum output power of 40 mW. A Bit Error Rate test set is used
to modulate the VCSEL at 10 Gb/s with PRBS15. Fiber spools of various lengths were then
added after the circulator to simulate transmission and dispersion characteristics.

The experimental results are shown in Figure 3.1, where the error-free power penalty is
plotted against the SSMF transmission distance for a 10 Gbps PRBS15 modulation of the
VCSEL. The power penalty is referenced to the free-running back-to-back condition for the OIL
VCSEL. At 25 km an optimal transmission distance is achieved where the negative chirp of the
OIL VCSEL compensates the chromatic dispersion of the fiber. In practical systems, a fixed
power penalty is used to compare transmission distances while varying the experimental
parameters, in this case we choose a power penalty of 4 dB for comparison For a directly
modulated VCSEL, the large positive chirp severely limits the transmission distance and the 4
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dB power penalty distance is less than 10 km. In the case of OIL, for B2B, the system
experiences a 3 dB power penalty, which decreases to 0 dB at 25 km and then slowly increases
again to 4 dB at 120 km, a whole order of magnitude larger than the free running case This
phenomenon indicates the existence of negative chirp, which compensates the chromatic
dispersion of the fiber. In [], this phenomenon is expounded upon further. Pulse compression
can also be clearly seen in the eye diagrams for 25 and 100 km compared to the B2B case again
indicating negative chirp.

—
B

—
OS]
T

Free-running VCSEL

—_
o
T

o]
T

OIL VCSEL

Error-Free Power Penalty (dB)
[#3]

_2l|1-.l.l.I.I.J.I1
0 20 40 60 80 100 120 140 160

Transmission Distance (km)

Figure 3.1 Transmission = measurements demonstrating  distance
enhancement of a direct-modulated OIL VCSEL with negative chirp at
10 Gb/s. Eye diagrams for OIL VCSEL at back-to-back (B2B), after
25-km and 100-km transmission are shown.[72]

3.2.2 Multi-Transverse Mode VCSEL

Directly modulated, multi-transverse mode vertical cavity surface emitting lasers (MM VCSELs)
are extensively used in local and storage area networks due to their low cost and wide bandwidth
[73]. However, modal and chromatic dispersion prevent them from being used for longer reach
networks. Frequency chirp reduction and spectral narrowing must be realized for MM VCSELs
to achieve longer distance transmission over standard single mode fiber (SSMF). Previously, it
has been demonstrated that optical injection locking (OIL) of a multi-transverse mode VCSEL
can effectively convert it into a single transverse mode device thus mitigating modal dispersion
[58]. Moreover, frequency chirp reduction and inversion resulting in transmission distance
enhancement has been observed for OIL single transverse mode VCSELs [34].
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In this section, we present adjustable chirp in a multi-transverse mode VCSEL using optical
injection locking. By adjusting the frequency chirp polarity using OIL, the chirp of the VCSEL
can be changed from positive to negative frequency chirp. This negative chirp compensates for
chromatic dispersion thereby extending transmission distance. We demonstrate a transmission
distance enhancement for a 1550 nm 10 pum aperture multi-transverse mode VCSEL from 1 km
to 90 km at 10 Gb/s. Similarly, for larger aperture (15 um) devices the transmission distance can
be extended from 2 km to 32 km by chirp reduction using OIL. Moreover as an all-optical
technique, OIL can be applied to various modulation formats, bit rates, or fiber types and can be
applied post-deployment to VCSEL-based transmission systems.

3.2.3 Background

Frequency chirp of a VCSEL is determined by the change in carrier density with respect to
current modulation. When the carrier density is increased or decreased a frequency transient
(transient chirp) occurs after which the frequency of the laser settles to a new shifted value
(adiabatic chirp) [74], [75]. For an increasing drive current, the VCSEL carrier density also
increases, leading to an increase in the gain. From the Kramers-Kronig relation, this increase in
the gain corresponds to a decrease in the real part of the refractive index, which increases the
laser frequency. So, a positive transient chirp is observed on the rising edge of an optical pulse,
while negative transient chirp is seen on the falling edge. This positive transient chirp, and to a
lesser degree the adiabatic chirp, results in pulse spreading due to the positive dispersion of
SSMF, where higher frequency components of the pulse travel faster than lower frequency
components. Inter-symbol interference (ISI) then results once the pulse has spread beyond one
bit period. Optical injection locking has previously been shown to reduce the adiabatic chirp as
the frequency of the VCSEL is locked to that of the master laser [19], [36]. More recently, we
reported an inversion of transient chirp for single transverse mode OIL VCSELs modulated at 10
Gbps, and the resulting extension of SSMF transmission distance from 10 km to 120 km with a 4
dB power penalty. In the following, we demonstrate the greatly enhanced transmission distance
of a directly-modulated multimode VCSEL by combining the spectral narrowing and the data
inversion phenomena in optical injection locking.

3.2.4 Experimental Setup
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Figure 3.2 Schematic of experimental setup for frequency chirp study

Figure 3.2 shows the experimental setup. The multimode 1550 nm BTJ VCSEL is directly
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modulated at 10 Gb/s by a pulse pattern generator (PPG) with its output coupled to a single mode
lensed fiber. The master laser is a high power distributed feedback (DFB) laser, which is
coupled to port 1 of a circulator and then injects into the VCSEL located at port 2. To maximize
injection ratio (R=Py,;j/Pvcser), a polarization controller is inserted between port 2 and the lensed
fiber to match the polarization of the master laser to the VCSEL. The circulator can be replaced
with a 3-dB power splitter to lower the cost with a tradeoff in higher master laser output power
and negligible performance degradation. From the output of the circulator the data is transmitted
over various lengths of SSMF after which it goes to a bit error rate tester, optical spectrum
analyzer (OSA), and oscilloscope. Additionally, the output of the circulator is split to a
chirpform analyzer, which measures the chirp of the laser in comparison to the modulation
pattern.

3.2.5 Results
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Figure 3.3 Optical spectra of the same 15 um MM VCSEL modulated
at 10 Gb/s free-running (top) and under injection locking (bottom).
VCSEL bias is shown for each.[76]

Figure 3.3 shows the optical spectra of a typical MM VCSEL at 10 Gb/s modulation. Multiple
modes spanning 2.5 nm can be seen for the free running case contributing to modal and
chromatic dispersion. Under optical injection locking the number of modes is reduced to one
and the spectrum is narrowed to under 0.3 nm, effectively making the MM VCSEL a single-
mode transmitter.
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Figure 3.4 Measured intensity and chirp waveforms for free-running
and R=6 dB optically injection-locked 10 um aperture MM VCSELs.
The peak-to-peak transient (above line) and adiabatic (below line)
chirp are reduced by a factor of 6 through injection locking. [76]

Figure 3.4 shows a 10 Gb/s modulated bit pattern and chirp waveform for a free running
10 um aperture multimode BTJ VCSEL with a threshold of 4.6 mA and maximum output power
of ~ 5 mW biased at 27 mA. Biased at 24 mA with a 2''-1 PRBS at 1.1 V,,,, the VCSEL has a
transient chirp of 12 GHz, adiabatic chirp of 5 GHz, and extinction ratio of 4.9 dB. To improve
performance, the VCSEL was then injection locked by a high power CW distributed feedback
(DFB) master laser with maximum output power of 80 mW at 375 mA. With a 6 dB injection
ratio, VCSEL now biased at 10 mA, the transient chirp is reduced to 2 GHz and adiabatic chirp
to 0.5 GHz, with the extinction ratio of 2 dB. However, the bit pattern is now inverted with
respect to the drive modulation making the transient chirp negative.

Chirp measurements were also performed for a free running 15 pm aperture multimode
BTJ VCSEL with a threshold of 10 mA and maximum output power of 6 mW at 35 mA bias. We
modulated the MM VCSEL at 10 Gb/s and injection locked at two different injection ratios (Fig.
3.5). The free running VCSEL biased at 12.2 mA has a transient chirp of 11 GHz and adiabatic
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chirp of 2 GHz with 4.2 dB extinction ratio. With 3 dB injection ratio the transient and adiabatic
chirp is reduced to 7 GHz and 1 GHz, respectively, while extinction ratio remains constant at 4.2
dB. At 6 dB injection ratio the transient chirp is reduced further to 4 GHz and adiabatic chirp to
0.5 GHz, with the extinction ratio reducing to 3.5 dB due to master reflection light. Inversion
was not observed for this 15 pm OIL MM VCSEL, due to the limited locking range and poor
optical injection efficiency compared to the 10 pum MM VCSEL.
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Figure 3.5 Measured intensity and chirp waveforms for free-running,
R=3 dB, and R=6 dB optically injection-locked 15 pm aperture MM
VCSELs. The peak-to-peak transient (above line) and adiabatic (below
line) chirp are reduced by almost a factor of 3 through injection
locking.[76]

Applying this chirp reduction and inversion to a transmission link, extended transmission
distance can be achieved by dispersion compensation.  Figure 3.6 shows the power penalty
versus SSMF transmission distance for the 10 um MM VCSEL, where power penalty is referred
to the additional required optical power to reach error-free (BER<10) as comparing to the free-
running VCSEL, 0 km transmission case. For the free-running case the transmission over SSMF
is problematic due to large modal and chromatic dispersion resulting in ~1 km of transmission
with 4 dB of power penalty. When injection locked with an injection ratio R=6 dB, the negative
chirp causes the bits to compress after propagation over 25 km of SSMF, resulting in a decrease
in the needed received optical power to achieve error-free performance or a negative value in
power penalty. After longer distance, ~ 25 km as shown here, the bits begin to disperse again
and hence the power penalty increases. For this case, it takes 90 km fiber distance to reach the
same 4-dB power penalty point. This is nearly two orders of magnitude increase in transmission
distance compared to the free-running case. Error-free eye diagrams of the OIL VCSEL at the
different transmission distances are also shown in Fig. 3.7.
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Figure 3.6 Transmission = measurements demonstrating  distance

enhancement of a direct-modulated OIL 10 um aperture MM VCSEL
with negative chirp at 10 Gb/s. [76]

Figure 3.7 Optical eye diagrams for OIL VCSEL at 0 km, after 25, 55
and 85-km transmission are shown. [76]

This transmission distance improvement can also be seen for the 15 um aperture MM
VCSEL (Figure 3.8). At 10 Gb/s, the free-running VCSEL achieves error-free transmission at -
21 dBm received optical power. For the 0 km case, the R=3 dB OIL case suffers a 1.5 dB power
penalty due to the distortions in the pattern, however at 6 dB there is a 2.5 dB improvement in
received optical power as the distortion is removed and the overshoot is suppressed.
Transmission distance for the free-running MM VCSEL is 2 km with a 4 dB power penalty. The
R=3 dB case can propagate for 8 km before experiencing the same power penalty. At R=6 dB,
transmission distance is extended to ~32 km. This extension is a 16x improvement over the free
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running MM VCSEL and 2x better than any free-running SM VCSEL or DFB DML reported
[77]. Eye diagrams are shown in Figure 3.9.
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Figure 3.8 Transmission  measurements demonstrating  distance

enhancement of a directly-modulated OIL 15 um aperture MM VCSEL
at R=3 and 6 dB at 10 Gb/s. [76]

Figure 3.9 Eye diagrams for OIL VCSEL at 0 km and after fiber
transmission are shown. [76]

3.2.6 Discussion

An explanation of the data pattern inversion phenomenon reported for single mode OIL VCSEL
was provided in Section 1.3. We should point out that the same explanation applies to the case
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reported here, i.e. the directly modulated MM VCSEL under injection locking. As a VCSEL is
injection-locked, the light from the master laser impinges on the top DBR where the majority
(>99.5%) of the light is reflected and a small portion (~0.5%) injects into the VCSEL cavity,
schematically depicted by Fig. 3.10. The light entering the cavity reduces the threshold cavity
gain needed to achieve lasing at the master wavelength, which results in an increase of the real
part of the refractive index due to the KK relation. This red-shifts the VCSEL transverse modes
to longer wavelengths as amplified spontaneous emission peaks. This phenomenon has enabled
OIL MM VCSELs to achieve an extended resonance frequency of 54 GHz and 3-dB bandwidth
of 38 GHz. In addition, the output light of the VCSEL experiences a phase shift (Os) of between
—n/2 and cot’(a), and a change in output power, as dictated by the OIL rate equations. This
output then destructively interferes with the reflected master light (with a m phase shift). This
phenomenon allows for inverting the optical data pattern of the modulated VCSEL in relation to
the applied electrical data pattern. Additionally, since the carrier dynamics are governed by OIL
rate equations, the magnitude of the frequency chirp (adiabatic and transient) can be adjusted by
varying the injection ratio of the master laser into the slave measured at the top facet of the
VCSEL or the wavelength detuning between master laser and VCSEL. This makes the technique
very powerful and, indeed, with great flexibility for optimization.
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Master Qutput
— ﬁ
T
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Figure 3.10 Interferometric model of optically injection locked
VCSEL. Top path represents light entering VCSEL cavity, where OIL
rate equations determine output. Bottom path represents reflection off
top facet inducing a ~x phase shift

3.2.7 Conclusion

In summary, we have demonstrated extending the transmission distance of a 10 Gb/s MM
VCSEL to 90 km over standard single-mode fiber using OIL. By combining two phenomena of
OIL-VCSEL, data pattern inversion and chirp reduction, we are able to reduce transient chirp by
6x and adiabatic chirp by 10x while inverting the data pattern with respect to the drive current
modulation. OIL of larger aperture VCSELs was also demonstrated with SSMF transmission
distance extension of 16 times to 32 km. These results make an optically injection-locked MM
VCSEL a strong candidate for future high-speed optical communications.
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3.3 Phase Modulation of Injection Locked VCSELSs
3.3.1 Theoretical modeling and simulation

Figure 1.3 shows the reflection model schematic of an OIL-VCSEL. The physics behind this are
explained in Section 1.3.3. The output E from the cavity is calculated using standard OIL
rate equations and the phase shift range is from -0.57 to cot'a.. Fig. 3.11 shows an intuitive
diagram based on vectors of the reflection model.

0.5

Figure 3.11 Vector based representation of OIL reflection model.[78]
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Figure 3.12 QPSK transmitter using phase-modulated OIL. [78]

Under direct modulation of the OIL VCSEL, both amplitude and phase of E; change
However, using the destructive interference with E,, the total output £, can be adjusted so that
only phase modulation exists, i.e. the transition state. Figure 3.12 shows a proposed QPSK
transmitter based on an OIL-VCSEL. Based on simulation, when an OIL-VCSEL is modulated
by an OOK signal under certain condition (wavelength detuning= 0.7 nm, injection ratio=9.0
dB), the output is n/2 PSK Adding another n phase modulator, a QPSK transmitter is obtained.
Even if the OIL VCSEL in the transition state is modulated by a multi-level drive signal, the
amplitude of the VCSEL will be negligible as shown in Figure 3.13. Adjusting the current of this
four-level modulation, the output signal can be considered a 4-PSK optical signal. Figure 3.14
shows a schematic for converting this system into an 8PSK transmitter by adding another =
phase modulator.
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Figure 3.13 Simulated phase modulation at transition state of OIL
VCSEL. [78]
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3.3.2 Direct Detection Experiment

An experimental setup was created to demonstrate that an OIL VCSEL can generate phase
modulation with minimal amplitude modulation (Figure 3.15). To achieve this, an interference
arm is added to coherently detect the output optical signal. The OIL setup is similar to that
described in Section 1.3 with the VCSEL biased at 7 mA and 2 dBm output power and a CW
DFB laser as the master laser. Injection ratio and wavelength detuning are fixed at 10.2 dB and
0.15 nm, respectively and a variable optical attenuator (VOA) and polarization controller (PC)
are used on the interference arm to control the magnitude and polarization of the reference light
from the master laser.
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Under large signal OOK modulation, the gray curve (a) in Figure 3.16 is the free-running
output waveform. When the VOA is set to the blocking state (high attenuation), the output
waveform of the OIL VCSEL is the black curve ((b) in Figure 3.16). VOA attenuation is
changed to 1.5 dB for coherent detection on the output port, and by adjusting the phase
difference between the two arms, we observe the two polarity-switched waveforms (Figure 3.16
(c) and (d)). These results confirm that an OIL-VCSEL can act as a phase modulator. Though the
bit rate demonstrated is only 2.5 Gbps, this is only an instrument limitation.



3.3.3 Coherent Demodulation Experiment

Figure 3.17 shows the experimental setup with a master laser injecting into a lensed fiber
coupled 1550 nm VCSEL via a circulator. The VCSEL is biased above threshold and modulated
at 10 Gb/s by a pulse pattern generator. We analyze the output by using a high-resolution optical
spectrum analyzer (OSA). This OSA allows us to directly extract the magnitude and phase
information of the modulated signal from the optical spectra via an inverse Fourier transform.
Additionally, we also send the output to a delay line interferometer (DLI) to demodulate the
signal and view the output on an oscilloscope.

Master High Res. OSA
‘I » : ra
| o/ OSA
F PC Oscllloscope
Output #1
EES a Slave DLI
Output #2 o

Figure 3.17 Experimental setup for phase modulation of injection
locked VCSELs

3.3.4 Results

In a directly modulated optically injection locked VCSEL under large signal modulation
both amplitude and phase are modulated. However, by adjusting the injection ratio and
wavelength detuning, the destructive interference can effectively suppress the amplitude
modulation leaving only phase modulation. By then adjusting the drive voltage the amount of
phase swing can then be set. In Figure 3.18 we achieve a phase swing of ~135° with a drive
voltage of ~1.5 V,, and PRBS7, though not 180° this still allows for DPSK demodulation with a
DLI, as shown in Figure 3.19. Open eyes are seen for both ports with observed alternate mark
inversion (AMI) and duobinary patterns. Distortions in the phase are caused by polarization
switching in the VCSEL which are device-dependent.

By combining this OIL VCSEL phase swing with lithium niobate phase modulators,
more advanced modulation formats can be achieved. In Figure 3.20, we combine a phase swing
of 45° from the OIL combined with a 90° phase modulator and 180° phase modulator, i.c. a
QPSK modulator, to create 8-PSK extending the capabilities of the OIL VCSEL to more
spectrally efficient modulation formats. Figure 3.21 shows the resultant phase swing obtained
from the high resolution OSA showing 8 phase states as predicted.
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Figure 3.21 8-PSK combing an OIL VCSEL with two phase
modulators generating QPSK.

3.3.5 Conclusions

We have experimentally demonstrated phase modulation of an optically injection locked
VCSEL. DPSK modulation was achieved by the OIL VCSEL itself and 8-PSK modulation
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observed with a QPSK modulator added. OIL VCSELs as phase modulators are a promising
directly modulated transmitter for spectrally efficient fiber transmission.

3.4 Advanced Modulation Formats

The rise of datacenters and enterprise LAN has rapidly increased the demand for high-
capacity low-cost optical links. However, the bandwidth of directly modulated lasers is unable
to keep up with the pace using spectrally inefficient on-off keying (OOK). Previous research has
looked at increasing the speed over MMF [79-85], but these use exotic components or external
modulation, which are not practical, and are limited by the modal dispersion of the MMF. By
using multi-carrier transmission or radio over fiber techniques over SMF, one can overecome
these limitations. Moreover, due to advanced modulation formats like quadrature amplitude
modulation (QAM), the available bandwidth can be utilized more efficiently.

In this section, we demonstrate 10-Gb/s transmission over SMF using direct modulation of a
1550 nm VCSEL directly directed with a PIN photodetector using spectrally efficient modulation
formats. One method uses discrete multi-tone modulation (DMT) in a limited frequency band of
achieving a spectral efficiency of >2 bit/s/Hz. DMT is a multi-carrier modulation technique that
is already widely used in DSL systems, thus allowing for simple implementation with existing
directly modulated transceivers. Another method is single subcycle modulation, where the data is
carried at a RF carrier frequency equal to its bandwidth. This allows for higher order modulation
formats to be employed to increase the data rate. Both of these solutions show promise in
increasing the speed of directly modulated lasers beyond their OOK bandwidth.

3.4.1 Discrete Multi-tone Modulation

DMT is a subset of orthogonal frequency division multiplexing (OFDM) where the
modulation output contains only real values without the need for IQ-modulation onto a RF
carrier, thereby reducing system complexity and cost by eliminating broadband RF components.
A step-by-step guide to generating DMT is shown in Figure 3.22. First, a binary data stream is
divided into N parallel sub-carrier streams. Next, every sub-carrier stream is mapped to complex
values C. based on an M-symbol mapping algorithm according to the signal to noise ratio for
each subcarrier. Cs is then appended with Co*, complex conjugate of Cn, so that the IFFT of the
N subcarriers is real. The real output is then converted into a serial stream and then modulated
onto the VCSEL. For the receive side the steps are reversed in a complementary fashion.
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Figure 3.22 Step-by-step guide to DMT generation and reception

Reference [84] shows the experimental setup of our DMT system replacing the 850 nm
VCSEL with a 1550 nm VCSEL and MMF with SMF. We use MATLAB to generate the DMT
symbol, which is then loaded on the arbitrary waveform generator (AWGQG). 512 carriers are used
with each carrier carrying a 16-QAM signal resulting in 2048 bits per DMT symbol and IFFT
length of 1024. The AWG then outputs the points at a rate of 5 GS/s which corresponds to a
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time of 204.8 ns per DMT symbol and a transmission speed of 2048/204.8 ns = 10 Gb/s.
Deducting 7% forward error correction (FEC) and 1% for cyclic prefix results in an aggregate bit
rate of 9.2 Gb/s.

The output DMT symbol is then used to directly modulate a 1550-nm single transverse
mode VCSEL which is directly coupled to a 10 Gb/s PIN+TIA via a lensed fiber. The electrical
signal was then captured by an Agilent Infinilum DSA70804B real-time digital sampling
oscilloscope at a sampling rate of 25 GS/s. The 5 times oversampling is necessary since there is
no phase locked loop (PLL) for recovery. After capure, the symbols were then converted back
into a serial stream in MATLAB using a software-based DMT receiver.

Fig. 3.23 shows the transmitted DMT symbol and constellation diagram for one carrier,
while Figure 3.24 shows the received symbol and carrier constellation diagram. The total BER
for all 1000 received DMT symbols equals 8.3%10™.
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Figure 3.23 Step-by-step guide to DMT generation and reception
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Figure 3.24 Step-by-step guide to DMT generation and reception

Discrete Multi-tone Modulation is experimentally demonstrated using a 1550-nm VCSEL
over a back-to-back link. The achieved transmission speed is 10 Gb/s (including 1% of cyclic
prefix and 7 % of FEC) in a bandwidth of <5 GHz, thereby achieving a spectral efficiency of >2
bit/s/Hz. This demonstrates that DMT is a promising solution for low-cost next-generation high-
capacity links operating beyond 10 Gb/s that can further be increased using WDM.
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3.4.2 Single Subcycle Modulation

In recent years, there has been a significant interest in the short range high-capacity
optical links. Vertical cavity surface emitting lasers (VCSELs) are often proposed for these
systems due to their low cost and good performance. Moreover, long-wavelength versions can
be wavelength division multiplexed to save on fiber and increase capacity. Recently, a 40 Gb/s
OOK long wavelength VCSEL was demonstrated operating at 1550 nm, but due to dispersion of
the single mode fiber was only demonstrated for back-to-back. Therefore, more spectrally
efficient modulation formats have to be implemented to deal with the dispersion. Discrete multi-
tone modulation, described in section 3.4.1, while promising as far as spectral efficiency and
dispersion, requires heavy demands of electronics (i.e. analog to digital (ADC) and digital to
analog (DAC) converters). Though, there have been recent improvements the analog bandwidth
of DAC:s is still lower than the best VCSELSs, so these lasers cannot be fully utilized. Moreover,
DMT suffers from other issues like low power efficiency, high peak-to-average power ratio
(PAPR), and heavy computational processing requirements which prevent practical real time
implementations.

In this section, we report transmission of 10 Gbps over back-to back singlemode fiber
using 16-QAM on a single subcarrier in 10 GHz modulation bandwidth. The VCSEL used was a
1550 nm BTJ VCSEL with 10 GHz 3-dB bandwidth. Figure 3.24 shows the experimental setup
for the single subcycle modulation. The advantage of this method is the ready availability of
components such as a digital logic gate (XOR) to generate the QAM signal without needing
DAC/ADC:s. For the receiver side, we use an offline DSP with equalization.

Pattern
Generator

Data
Clock

Power
Combiner

.
Digital
Storage @ (.
Oscilloscope

Figure 3.25 Test setup for single subcycle modulation of VCSEL

Fig. 3.25 shows the test setup. The transmitter consists of a VCSEL with a 10 GHz
modulation bandwidth driven by a real time 16-QAM single cycle sub-carrier modulator. We use
a single sub-carrier at a frequency of 2.5 GHz, and symbol rate of 2.5 GBaud with 16-QAM,
yielding 4 bits/symbol and an aggregate bit rate of 10 Gbps. A clock signal of 2.5 GHz is applied
to one input of a single XOR gate, while the second input is supplied with OOK data at 2.5 Gbps,
to create BPSK. To create QPSK, the two outputs of the XOR gate are combined delayed in
phase by 90 degrees. 16-QAM is then generated by splitting the QPSK signal and attenuating
one output by 6 dB and recombining. This signal was then combined with bias and applied to
the VCSEL. The VCSEL was coupled to a SMF via a lensed fiber and then to a photoreceiver
with a 3 dB electrical bandwidth of ~7 GHz followed by a DSO80804B oscilloscope. The
demodulation, equalization, and error calculation were implemented in MATLAB and done
offline. Since offline processing cannot process sufficient bits within the storage of the
oscilloscope an FEC with 7% overhead is assumed. A BER of ~2*10~ was obtained
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3.5 Wavelength-Division Multiplexed Passive Optical Networks
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Figure 3.27 Experimental setup for feedback insensitivity in VCSEL-
based PON at orthogonal polarization. [86]

Fig. 1 shows the schematic of the experimental setup. For the downstream transmitter at
the central office (CO) a commercial CW DFB laser followed by a Mach-Zehnder modulator
(MZM) is coupled to one port of a 1x2 3 dB power coupler with the other 3 dB port connected to
a 2.5 Gb/s avalanche photo diode (APD) (upstream receiver). The coupled port is then attached
to a 25 km standard single mode fiber (SSMF) after which at the optical network unit (ONU), it
is connected to a 2x2 3 dB coupler. One output is another 2.5 Gb/s APD (downstream receiver)
with the other output connected to a polarization controller followed by the VCSEL (upstream

64



transmitter). The VCSEL is a 1550-nm single-mode buried tunnel junction (BTJ) structure
device with maximum output power of ~ 3 mW. Light emission is coupled by means of a lensed
fiber with ~ 3 dB loss. On the last port of the ONU coupler, a variable back reflector is attached
to simulate spurious reflection from the fiber system. For the series of experiments, the VCSEL
is biased at 8 mA with 2 mW output power modulated at 2.5 Gb/s with NRZ 2%*-1 PRBS with a
drive voltage of 0.7 V,,,. The extinction ratio at the output of the VCSEL is 5 dB. The MZM is
modulated at 2.5 GB/s 2°'-1 PRBS with a drive voltage of ~ 6 V,,, with extinction ratio of 14 dB.
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Figure 3.28 Optical spectra of upstream and downstream data with
downstream DFB spectra superimposed on upstream VCSEL spectra.
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Figure 3.29 Bit error rate of each case with downstream and upstream
transmission alone shown as reference. [86]
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First, we set the optical feedback to -56 dB and tested the upstream data with downstream
data detuned to different wavelengths with respect to the upstream wavelength. The downstream
wavelength is adjusted from the blue to red side of the upstream wavelength with optical spectra
shown in Fig. 2 and their corresponding bit error rate (BER) in Fig. 3. Light at the VCSEL port
of the ONU couple is measured to be -18.4 dBm orthogonally polarized to the VCSEL light.
Less than 1 dB of power penalty at the error-free condition (BER < 10™) is seen for the different
downstream wavelengths, showing that the VCSEL is robust against orthogonally polarized light
at different wavelengths. To test the VCSEL’s intrinsic optical feedback robustness we removed
the downstream data and adjusted the variable back reflector. For low optical feedback (< -15
dB) we observe there is little to no power penalty at the error-free condition compared to the no
feedback case. At a feedback level of -9 dB, we experience a catastrophic reduction in bit error
rate with flooring at BER=10". Lastly, we combined the previous two experiments with both
upstream and downstream data and adjusted the optical feedback power keeping the same
detuning condition as case 2. Received power was kept constant at -18.4 dBm and BER
measured at a constant optical received power of -30.5 dBm. At -16 dB backreflection the
upstream data is unable to achieve error-free transmission at any received optical power.
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Figure 3.30 Bit error rate versus received optical power of upstream

VCSEL transmission under different optical feedback powers.
Critical feedback occurs at -9 dB. [86]
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3.5.2 Discussion and conclusion

We have successfully demonstrated a WDM-PON scheme utilizing VCSELs under
orthogonal optical injection. Optical feedback tolerance of the modulated VCSEL is seen versus
both downstream data as well as reflected feedback with less than 1 dB of power penalty seen.
Currently, this system requires the VCSEL polarization to be known beforehand; however with
the advent of polarization-selective VCSELSs [3] and planar lightwave circuits with polarization
diversity [4], integration of a low-cost ONU is possible. 10 Gb/s upstream data transmission
with optical feedback will be presented at the conference.

In wavelength division multiplexed passive optical networks (WDM-PONs), a key
requirement for the upstream laser transmitters is that their lasing wavelength does not drift too
much from the assigned wavelength, so that crosstalk with other WDM channels and
transmission loss at the wavelength multiplexers and demultiplexers are minimized [87]. Widely-
used transmitters such as distributed feedback (DFB), distributed Bragg, and tunable lasers
require wavelength stabilization circuitry making them cost prohibitive for use as optical
network unit (ONU) upstream transmitters.

In this section, we demonstrate experimentally a novel WDM-PON design that utilizes
optically injection-locked vertical cavity surface-emitting laser (OIL VCSEL) for isolator-less,
directly-modulated ONU transmitters. OIL VCSELs are highly desirable candidates for WDM-
PON due to their narrow linewidth single-mode behavior, reduced chirp and low cost of
manufacture. Though previous demonstrations of OIL VCSELs for WDM-PON have shown
performance improvements they have relied on circulators to isolate the injecting laser from the
VCSEL adding cost and complexity [88]. For this experiment we replace the circulators with 3-
dB power splitters greatly simplifying the network and reducing cost. =~ Downstream data is
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transmitted using an externally modulated DFB laser which serves a secondary role as the master
laser to injection lock the ONU slave VCSEL onto the WDM grid. The wavelength locking of
the VCSEL allows a specific AWG (arrayed waveguide grating) port to be assigned at the central
office (CO) for each ONU without the need for complicated wavelength stabilization circuitry
[89]. Optically injection locking the VCSEL also results in chirp reduction improving the
transmission performance over standard positive dispersion fiber through dispersion
compensation [90]. Furthermore, the VCSEL modulation is not strongly effected by the master
data thus both downstream and upstream transmission can achieve good BER performance.
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Figure 3.32 WDM-PON with OIL VCSELs and 3-dB couplers. The
slave VCSEL at each optical network unit (ONU) is injection-locked
by the modulated downstream signal transmitted from the master DFB
laser at the central office (CO).

3.5.3 WDM-PON with OIL-VCSELSs

Figure 1 shows a schematic of a WDM-PON implemented using OIL-VCSELs and 3-dB
splitters. Each master DFB at the central office can either be directly or externally modulated at a
wavelength on the DWDM grid. Multiple downstream transmitters can then be multiplexed onto
a single fiber and demultiplexed at the downstream site. Each ONU consists of an optical splitter
which splits the optical power of the demultiplexed downstream signal to a downstream receiver
and to another 3-dB coupler. The second coupler’s output port is then used to injection lock the
slave VCSEL with its other “input” being the splitter output from the now directly modulated
OIL VCSEL, which is then multiplexed and sent upstream.
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Figure 3.33 Experimental Setup for WDM-PON based on OIL VCSEL

Rayleigh backscattering of the master laser may result in performance degradation at the
upstream receiver since its wavelength is the same as the slave VCSEL, so unidirectional fibers
for upstream and downstream data are used to minimize the impact of this phenomenon with
minimal additional cost.

3.5.4 Experiment and Results

Figure 2 shows the experimental setup for our isolator-free OIL-VCSEL WDM-PON
scheme. At the CO, a DFB laser is externally modulated with 2.5 Gb/s 2**-1 pseudorandom bit
sequence (PRBS) non-return-to-zero (NRZ) data from a bit-error-rate test set (BERT). The
modulated signal is then sent through 17 km of standard single-mode fiber (SSMF). At the ONU
a 3-dB power splitter divides the signal to a 2.5 GHz APD receiver and a 3-dB coupler. The
output port of the coupler is then used to injection lock a 1.55-um buried tunnel junction (BTJ)
VCSEL with a 5-um aperture size optimized for high-speed modulation [5]. The other port of
the coupler acts as the upstream output of the OIL VCSEL, directly modulated with a 2.5 Gb/s
NRZ signal from another BERT, and is connected to another 17 km of SSMF to return to the
CO. At the CO the upstream data is detected by another 2.5 GHz APD receiver. . Optical
attenuators are placed in front of the receivers and in the downstream link to adjust the received
power and injected powers, respectively.
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Initially, we characterize the performance of the free running VCSEL directly modulated at 2>-1
PRBS to provide a baseline performance. The VCSEL is then optically injection locked by the
modulated master and characterized at injection ratios of -27.4 and -31.4 dB. Eye diagrams are
taken at error free conditions (BER < 10™) for all cases using a sampling oscilloscope. In Fig. 3
injection locking is seen when the linewidth is narrowed with respect to the free running case
along with a redshift and suppression of the other polarization mode. The free running externally
modulated DFB master laser is also shown in the graph. Though weak injection locking limits
the locking range of the VCSEL to < 0.1 nm around its center wavelength when locked the
VCSEL is stable. Detuning between the master and the slave is 0.04 nm for the case shown.
Figure 4 shows the electrical and optical eye diagrams for error-free conditions for free running
and at injection ratios of -27.4 and -31.4 dB for 2°-1 PRBS direct modulation on the OIL
VCSEL. Electrical eye diagrams are taken at the upstream receiver, while optical eye diagrams
are taken before upstream transmission. Extinction ratio is kept constant at 6.3 dB before
upstream transmission.
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Bit error rate curves are seen in Fig. 5 for 2**-1 PRBS modulated upstream data. Fig. 5
shows reductions in necessary received power of 0.4 dB and 0.5 db for -27.4 dB and -31.4 dB
injection ratios, respectively. However, at this higher PRBS pattern dependence is observed in
the flooring behavior of the curves higher than -31 dBm received power. This degradation for
long monotonic sequences is caused by low frequency parasitics in the electrical probing setup.
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Figure 3.35 Upstream BER of 2.5 Gb/s 2”-1 PRBS directly modulated
OIL and free running VCSELSs for 17 km transmission. [91]

3.5.5 Summary

In this section, we described a novel WDM-PON implementation that uses modulated
downstream signals to injection-lock VCSELs for operation as wavelength-locked directly
modulated ONU transmitters without the need for isolators. The proposed injection-locking
scheme can be applied to higher bit rates as chirp reduction will then have a greater effect on
dispersion compensation. Moreover, our scheme eliminates expensive components such as
circulators, wavelength stabilization circuitry for ONU, and external modulator for ONU.
Moreover, the wavelength matching of the slave VCSEL to the master reduces the need for
active temperature management allowing for the possibility of uncooled operation at the ONU
site. These characteristics make isolator-free OIL VCSEL WDM-PON an excellent candidate
for low-cost, broadband FTTx applications.

Due to their low cost and high speed, vertical-cavity surface-emitting lasers (VCSEL) are
the workhorse of short distance optical links. =~ However, for next generation 100G optical
Ethernet and millimeter-wave analog fiber links, higher modulation speeds and longer
transmission distances are needed. Moreover, the need to do processing in the optical domain
will become a necessity as high frequency electronics are complex and bulky. Optical injection
locking (OIL) has been shown to solve the former issue by increasing the modulation bandwidth
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by tenfold. OIL has also been shown to create data pattern inversion by interference effects,
helping with dispersion compensation to allow for longer reach.

3.6 Signal Processing

3.6.1 Motivation

Ultra-wideband (UWB) transmission has attracted interest for short-range, high-
throughput wireless and sensor networks due to its immunity to multipath fading, high data rates
and low power consumption, however their generation using electronic methods has proven
difficult. Generating UWB signals optically has previously been demonstrated using either
external phase modulators or semiconductor optical amplifiers through phase-to-intensity
conversion. Moreover, optical data-format conversion and clock recovery are indispensable
functions for network diagnostics and signal processing, but are currently realized through
various nonlinear elements.

In this section, we propose and demonstrate multiple signal processing operations
utilizing an optically injection locked single or multi-transverse mode VCSEL, showing UWB-
monocycle generation, data-format conversion, and clock recovery. The key new element for this
system 1is the addition of a tunable interferometer to selectively filter the frequency chirp after
OIL. Polarity-switchable UWB monocycles are generated with a 5.1 GHz center frequency and a
fractional bandwidth of 129%. Rising and falling edge detection leads to NRZ to RZ format
conversion using this method. Also, a 10-GHz clock tone with 35 dB suppression ratio is also
recovered from a 10-Gb/s NRZ input with PRBS15.

3.6.2 Concept and Working Principle

/1. UWB-monocycle generation

Reconfigurable network node | Access Point
Multifunctional Generator | !
P 7
Master a ( )
Laser | DLI
e
data ( ) 3. NRZ-data clock recovery
ey CSEL : —— ( )
‘\ ‘ . ¥ PD — 3Rregen, — |
Central Office (CO) Meesrssescsasecasese e ettt e

Figure 3.36 Concept of multifunctional generator using optical
injection-locked (OIL) VCSEL followed by a delay-line interferometer
(DLI). Three unique and reconfigurable functions are generated by
utilizing the adjustable-chirp from the OIL-VCSEL and subsequent
tunable filtering.[71]
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3.6.3 Experimental Setup and Time-Resolved Chirp after OIL

The experimental setup is shown in Fig. 2.41. A DFB laser serves as the master to injection-
lock a 1.55-um single or multi-transverse mode VCSEL. A 10 Gb/s PRBS15 NRZ-data signal
directly modulates the VCSEL at an optimized bias and driving voltage. A 10-GHz all-fiber
delay-line interferometer (DLI) is placed after the OIL-VCSEL to serve as a tunable filter. An
Advantest Q7606B chirp-form analyzer is used in conjunction with a sampling oscilloscope to
obtain time-resolved chirp and intensity waveforms. To measure the output, a 10 GHz
photodiode connected to a radio frequency spectrum analyzer are used for the varying functions.

Intensity (a.u.)

0 — — !
1Timez(ns.)3

Figure 3.37 Time-resolved frequency chirp measurement of OIL-
VCSEL under the transition state.[71]

3.6.4 NRZ-to-RZ format conversion/Clock recovery

Detuning the DLI either way by 0.06 nm from the center frequency of the OIL data signal, the
center frequency components of the original transition state signal can be suppressed, and
chirped components can be enhanced. Fig. 3.33 (a) and (b) show the detection of either the rising
edge or the falling edge of the original data signal, respectively using this method. Fig. 3.33 (¢)
shows the rising edge detected eye diagram, which is an RZ data format compared to the original
NRZ eye diagram, demonstrating the NRZ-to-RZ format conversion capabilities of OIL.
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Figure 3.38 (a) Rising-edge detection (b) Falling-edge detection (c)
eye diagrams of NRZ and format converted RZ from the rising-edge
detection. [71]

Since the DLI is spectrally periodic, if the signal is placed at the notch of the DLI
spectrum, both the negative and positive chirped components are enhanced while the center
frequency is suppressed. This can then be utilized to detect both the rising and falling edges of
the original 10-Gb/s NRZ data pattern as shown in Fig. 3.34 (a), with the corresponding RF
spectrum shown in Fig. 3.34 (b), containing a 10-GHz recovered clock with > 35 dB suppression
ratio and 0.3 MHz tone spacing, matching the original 10-Gb/s data with 2'°-1 PRBS.
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Figure 3.39 (a) Edge detection of both rising and falling edges. (b)
RF spectrum showing the recovered 10-GHz clock and the 0.3 MHz
tone spacing.[71]

3.7 Optical Logic Gates

In this section, we focus on using OIL induced data pattern inversion to create an optical
NOT gate. By injecting master light into a modulated slave VCSEL we are able to switch from a
state where the optical data pattern is the same as the electrically modulated signal to one that is
inverted. Switching from a non-inverted to inverted state based on changing the injection ratio
and based on wavelength detuning (AA=Amaster - Asiave) are both demonstrated. Short switching
times are seen when actively switching from non-inverted to inverted data while optically
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injection locked. We also propose a structure to create NAND and NOR gates for optical
computation based on this phenomena.

3.7.1 Theory and Experimental Setup

In Fig. 1, the OIL reflection model schematic is shown [3]. The field of the master laser
is shown by E;,;, of which the >99% is reflected, denoted by E,. Ej, is the cavity output governed
by the OIL rate equations. The phase difference between E, and E; creates destructive
interference at the output which leads to the data inversion previously reported. By changing the
wavelength detuning and injection ratio, the phase of E can be altered to create non-inverted and
inverted data patterns.

Figs. 2-4 show the schematics of three experimental setups to test data inversion by
parameter change. Fig. 1 shows the basic setup where a high power (40 mW) CW distributed
feedback master laser injection locks the modulated VCSEL via a circulator. In this setup the
wavelength of the master is detuned versus the wavelength of the slave laser via temperature
tuning creating the switch between the non-inverted and inverted data patterns. Fig. 2 shows the
master laser being externally modulated by a Mach Zehnder modulator before injection locking
the modulated slave VCSEL. In this case, the injection ratio modulation is used to flip the data
pattern. Lastly, in Fig. 3 we realize an all-optical NOT gate configuration where the VCSEL is
biased for CW operation, and two masters are used one operating in CW to set the threshold
inversion condition and the other externally modulated to provide the injection ratio change for
switching.

3.7.2 Results

For the injection locking experiment in Fig. 1, the VCSEL is biased with ~1 mW output
power. The master laser, set at a fixed output power, is then wavelength detuned with respect to
the free running VCSEL wavelength. Starting from small positive detuning, the slave laser is
locked on polarization mode #1 and a non-inverted data pattern is seen (Fig. 4). Moving to a
larger positive detuning, a transient state is reached where the destructive interference dominates,
after which an inverted state is reached showing the data pattern flipped.

Master

Py ryy.i
ﬁ;///'}' )

PPG _."a Slave

Figure 3.40 OIL-based NOT gate based on wavelength detuning
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Figure 3.41 OIL-based NOT gate based on injection ratio change
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Figure 3.42 All-optical NOT gate based on OIL injection ratio change

Detuning further, the master now locks on polarization mode #2 and a non-inverted data pattern
is seen again. Transient and inverted states are also seen for this second polarization mode by
increasing the positive detuning further.

Using the setup in Fig. 3, the injection ratio is modulated causing the VCSEL bit pattern
to switch from non-inverted to inverted at high frequencies. In Fig. 6, we see the bits at the
lower injection ratio (lower intensity level) follow the free running pattern but as the injection
ratio increases the intensity level shifts up and the bits invert while still maintaining a reasonable
extinction ratio. From this data we also can observe that the switching time is less than 100 ps.
Moreover, this feature may allow for multi-level amplitude modulation to increase the spectral
efficiency for OIL VCSELs.

Setups in Fig. 2 and 3 require the VCSEL to be modulated making these systems an
electro-optical NOT gate. In Fig. 4 we implement an all-optical NOT gate with two master
lasers (one modulated, one CW) and a CW VCSEL. The modulated master acts as the signal
laser while the CW master sets the state of the output based on wavelength detuning. Again, a
switch from non-inverted data to a transition state to inverted data is seen with this all-optical
setup. To increase the speed of this gate, a modulator may be added to the CW master arm. A
NAND-gate can then be created by changing one master arm to two modulated master lasers and
a coupler to form an AND gate cascaded with the NOT gate.
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Figure 3.43 Switching of inversion by injection ratio modulation of an
OIL VCSEL
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Figure 3.44 Switching of inversion by injection ratio modulation of an
OIL VCSEL
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Figure 3.45 All-optical NOT-gate by wavelength detuning of master #2

3.7.3 Conclusions

We have successfully demonstrated a NOT gate by both wavelength detuning and changing
injection ratio, as well as demonstrated a switch with switching time of <100 ps. An all-optical
NOT gate was also demonstrated with the ability to be modified into a NAND gate.

3.8 Summary

In conclusion, we have demonstrated that optical injection locking of VCSELs can improve
performance in digital communication systems. By reducing chirp and inverting data, chromatic
dispersion can be mitigated and fiber transmission distance increased. Moreover, phase
modulation of VCSELSs can be achieved allowing for more advanced modulation formats. This
can lead to more spectrally efficient communications and other interesting applications such as
optical logic gates using a VCSEL.
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Chapter 4 Conclusion

In summary, optical injection locking of VCSELs can be applied to many different
telecommunication applications to improve performance and to investigate device dynamics.
Previous experiments have shown only isolated performance improvements, however this thesis
has theoretically and experimentally shown that optical injection locking can be applied at the
system level. Resonance frequency enhancement was shown for both single and multi-
transverse mode VCSELs showing over 10 times improvement for each. This allows for
millimeter-wave applications to use VCSELs, which were demonstrated in a radio over fiber
system transmitting 4 Gb/s at a 60 GHz carrier frequency. Another application demonstrated was
an optoelectronic oscillator at 20 GHz showing extremely low phase noise comparatively to
electronic oscillators. For digital communications, the reduction in frequency chirp and
inversion of the bit pattern by optical injection locking was used to extend fiber transmission of
both single and multimode VCSELs at 10 Gbps. These system experiments as well as others
have shown optical injection locking of VCSELs to be a viable method for post-fabrication
performance improvement.

Looking forward for optical injection locking, there are numerous additional areas where it
can improve performance as well as ways its implementation can be enhanced. Currently,
optical injection locking still relies on a discrete master laser and VCSEL coupled via a fiber,
which makes it bulky and inefficient for many applications. Research into integrating both on to
a single chip with integrated isolator would make it a stronger candidate for deployment.
Moreover, optimizing the reflectivity of the slave laser would allow for improved performance as
well. The main area where optical injection locking can greatly benefit systems applications is
on the analog side. As digital communications move to more multi-level modulation formats,
and radio over fiber systems move to the millimeter wave, increased frequency response and
lower noise are both required, and both are enhancements that optical injection locking can
provide. Other areas that have not fully been explored are polarization multiplexing based on
injection locking and looking at what the theoretical limits of strong injection locking are.
Though this thesis covers many different optical injection locking scenarios there are still many
yet to be explored.
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Appendix 1 Metal Nanoparticle and Quantum Dot
Metamaterials for Near Resonant Surface Plasmon
Waveguides

Introduction

Recently there has been a surge of interest in materials with negative refractive index. A
sufficient condition for such a material is that € as well as p are negative [92]. However, even
materials with only negative € are very interesting since they offer the possibility of increasing
the integration density in photonic lightwave circuits [93]. In fact, to increase integration further,
it is necessary to find a successor to the current silicon nanowire technology, which has enabled
the recent progress in integration density [94], [95].

One can show that the minimum field extension for a planar silicon waveguide in air is
~300 nm, with a wavelength in the medium of ~500 nm, at a vacuum wavelength of 1.55 pm.
Thus, any attempts in nanophotonics should be below these values, as measured in proportion to
the relevant vacuum wavelength. Now, such successors could be metals, since they offer
negative ¢ at optical frequencies, however, their accompanying dissipative losses are
forbiddingly high for many, albeit not all, applications. By creating a planar structure, where the
g 1s engineered to be negative on one side and positive € of nearly equal magnitude on the other
side, i.e. a near resonant structure, with low losses in both cases, high lateral spatial confinement
as well as short propagation wavelengths along the interface, much shorter than the vacuum
wavelength, can be obtained [96]. This can also be used for high confinement channel
waveguides [97] and opens avenues for a wide range of novel structures and applications based
on dense lateral and longitudinal integration of waveguide devices. But flexibility in the
employed wavelength and other parameters requires the use of novel materials, where the
metamaterial of this section is one possibility. Thus, this section aims at elucidating the prospects
for such planar waveguide structures, employing metamaterials rather than existing materials.
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In this section we analyze a metamaterial based on cubically arranged spherical metal,
notably silver, nanoparticles embedded in a dielectric for controllably generating a range of
negative or positive € to be used for nanophotonic integrated photonic circuits and assess the
associated dissipative loss [98—100]. The influence of different material parameters such as
nanoparticle fill factor, ¢ of the host medium as well as the frequency of operation are analyzed.
As an example silver is used and modeled beyond the Drude model, and a comparison with bulk
silver is made. The gain required to obtain a low loss medium using quantum dots or general
two-level systems is analyzed and requirements on such systems given. Finally, we use the
results to create near resonant (¢ on both sides nearly equal but of opposite signs, ideally with
both £’=0) planar surface plasmon waveguides having high field confinement as well as high
effective indices.

It should be mentioned that we analyze structures where we maximize field confinement
as well as effective indices, while trying to keep the losses to reasonable values. There is little
difficulty in having low plasmonics losses if the optical field is mainly confined to a lossless
dielectric.

All results pertain to room temperature unless otherwise stated.

ENGINEERABLE ¢ BASED ON METAL NANOPARTICLES EMBEDDED IN A
DIELECTRIC

We analyze a metamaterial with metal nanoparticles embedded in a dielectric. The metal
particles, taken as silver here, are conventionally modeled by the two-parameter (plasma
frequency, w,, and electron collision frequency, ) Drude model. This model is conceptually
simple and gives good agreement with experimental data over a limited wavelength range,
however, more accurate modeling and optimization require better representation of the
experimental data of silver, and we employ the data in [101].

We further employ spherical, cubically arranged nanoparticles to generate an isotropic €
and calculate the complex macroscopic dielectric constant emac by using the expressions for the
polarizability o of a spherical metallic nanoparticle in a surrounding medium and the Clausius-
Mossotti (CM) relation. The reason for using this simplified model instead of a more accurate
modeling of metamaterials, taking into account nanoparticle interactions, is the reasonable
accuracy of the method we use, as treated in this reference; this allows optimizations without
extensive computational efforts, which could obscure the general features we wish to identify.

Thus:

e, e, —1

a=V (A.1)
1+d(e, /e, 1)

Here V' is the volume of the nanoparticle, and ¢,,&, are the dielectric constants of the
nanoparticle material (complex) and of the surrounding medium, respectively and d = 1/3 is the
depolarization factor for spheres. It is assumed that the radii of the spheres are much smaller than
the wavelength in the medium. The dipole moment p is given by p = ag E

We can thus derive the relation between the macroscopic dielectric constant and the
microscopic polarizability:

Ewuc’ -1«
Eyuc '€, +2 3V,

cell

(A.2)
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(Or more generally
aN,

gMAC/gd—lzz (A3)
Evuc €4 +2 5 3

if different nanoparticles j of concentrations N, are hosted in the dielectric with dielectric
constant &, ).

Here ¢,,,. 1s the macroscopic dielectric constant and V. 1s the volume of a cell generated by an

assumed cubically arranged regular array of Ag nanoparticles. The cubic arrangement is assumed
in order to make this form of the CM relation valid. It should be noted that the validity of CM
rests on the wavelength in the medium being much larger than the fictive Lorentz sphere used to
derive the CM relation, and the radius of this sphere should in turn be much larger than the
dipole size and separation. Further, it should be noted that in structures where the metamaterial is
interfaced to another material, interface effects are not explicitly taken into account in the CM
relation used.

We study below &},,.,€},, Vs. nanoparticle fill factor7, &4 of the embedding dielectric

and wavelength.
From Equation A.1 and A.2 we derive (for spherical particles in a cubic arrangement):

(e A+2m)+2¢,(1-1n) |
Eyuc' =R en(lr2i+2,0-7) &y (A.4)
| e, d-m+¢e,2+n) |

e, a2y +2e,(-1) ]
gMAC =3 d 'Ed (AS)
e, (-n)+e,2+n) |

Equations A.4 and A.5 are related by the Kramers-Kronig relations. Figures 4.1 and 4.2
show the real and imaginary parts of the macroscopic dielectric constant for an embedding
dielectric constant &; = 5 for various fill factors 77, smaller than or equal to .5. At the fill factor

% spheres touch and multipole effects become strong [102]. Figures 4.3 and 4.4 show the

corresponding data, now with the fill factor fixed at .06 and as a function of ¢,.
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Figure 4.1 Real part of dielectric constant of the metallodielectric
metamaterial plotted as a function of wavelength and fill factor for a
background dielectric constant of 5.
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Figure 4.2 Imaginary part of dielectric constant of the metallodielectric
metamaterial plotted as a function of wavelength and fill factor for a
background dielectric constant of 5.
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Figure 4.3 Real part of dielectric constant of the metallodielectric
metamaterial plotted as a function of wavelength for different
background dielectric constants.
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Figure 4.4 Imaginary part of dielectric constant of the metallodielectric
metamaterial plotted as a function of wavelength for different
background dielectric constants.

The strong resonances in Figures 4.1-4.4, analogous to the polarization catastrophe in
ferroelectrics, are a consequence of the way the CM relation can generate a polarization even in
the absence of an applied field. The large values at resonance lack physical significance, since
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nonlinear effects will limit the dielectric constants. We note, as expected, that larger fill factors
and dielectric constants of the dielectric lead to stronger resonances.

We can employ the above figures to find operating points where ‘gj’mc'

is reasonably

large and ¢,,,-" as low as possible. Thus Table 4.1 shows one such operating point.

Material g g’ Fill Host ¢
Metamaterial 5.0276 3252 27 19.8
“dielectric”
Metamaterial -5.0015 4402 .52 16.3
“metal”
Ag -12.9189 4306 NA NA
SiO, 2.1314 0 NA NA

Table 4.1 Values of macroscopic dielectric constant at 550 nm wavelength,
optimized with respect to&,,,.", with the condition that |€ MAC '| should be ~5,

It is interesting to note that the bulk silver data are comparable to those of the
metamaterial, in spite of the fact that the silver is “diluted “ in the metamaterial However, silver
and dielectrics by themselves, as analyzed in many publications cannot in general produce the
near resonance condition for high field confinement, nor give the metamaterial flexibility.

The role of the ¢,,,." can be seen by the expression for the temporal decay constant of

the electromagnetic energy

1 &, "€ EE” (A6)

e sRe(H W)y pE e HE

1 . * * .
where —is the EM energy decay rate and p,HH can be replaced by 80|8MAC|EE . This
TE
expression is valid when ¢,,,."1s much smaller than ¢, .
This also shows that for the metamaterials, the decay times are on the order of the

oscillation period of the light, making the losses large even for this optimized cases.

Properties of Metamaterials with Ag Nanoparticles and Amplifying Two Level Systems
(Quantum Dots) in a Dielectric Host

In this section, we combine the silver nanoparticles from the previous section with
amplifying nanoparticles, assumed to be hosted in the same dielectric medium as the silver ones.
As long as the negative permittivity and gain cannot be realized in the same nanoparticle, an
interesting challenge, the metal and amplifying nanoparticles will be separated. It is assumed that
the two level systems are by some method totally inverted.
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The linear susceptibility of a fully inverted two level system (i.e. with gain) such as a
quantum dot (QD) is:

, N R\P
2P (A7)
1+T,°A  &h
2
,_ AT, T,p°N, (A.8)

Z =
1+T,°A* &
Here 7, is the transverse relaxation time of the two level medium, A, deviation from resonance,
in rad/s, p, the dipole moment, and N, the quantum dot spatial density, with all dots or atoms

assumed inverted.
From this we can derive the out of phase (amplifying) component of the dipole moment
at resonance:

E (A.9)

A.10
o (A.10)

i.e. we have at resonance a purely imaginary polarizability.

Equation A.10 can now be used in Equation A.2 to calculate the macroscopic dielectric
constant, the imaginary part of which describes gain/loss. V.. is the cell size of the quantum dot
structure. For the two level gain medium we use in our simple model as examples the

parameters [103-105] N, <107 m~; p~.8nm-e;T, ~100 f5. 100 fs corresponds to a line width
of 6 meV at a wavelength of 550 nm, used below. Using the above data (7,=100 fs) we obtain
x"= &"=-0.03. This should be compared to the data in Table 1, which for negative ¢,,,.' are

an order of magnitude larger. We now turn to a more complete calculation of the properties of
the metallodielectric QD structures.
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Figure 4.5 Dielectric constant of the metallodielectric quantum dot
metamaterial plotted as a function of wavelength for different fill
factors (77) at a constant background dielectric constant (e=12)
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Figure 4.6 Dielectric constant of the metallodielectric quantum dot
metamaterial plotted as a function of wavelength for different fill
factors (77) at a constant background dielectric constant (e=12).
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Figure 4.7 Dielectric constant of the metallodielectric with two-level
system metamaterial plotted as a function of wavelength for different
background dielectric constants at a constant fill factor (7=0.3)

6
2500
5.5
5
2000
45
e 4 ' 1500
235
u"E
3 1000
2.5
2 500
15
g 0
00 520 540 560 580 600

Wavelength (nm)

Figure 4.8 Imaginary part of dielectric constant of the metallodielectric
with two-level system metamaterial plotted as a function of wavelength
for different background dielectric constants at a constant fill factor

(n=0.3).

Figures 4.5-4.8 show data corresponding to Figures 4.1-4.4. Figures 4.5 and 4.6 show the
real and imaginary parts of the macroscopic dielectric constant vs. wavelength and with the Ag
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fill factor as a parameter, and for QD data as above with T, =100 fs. The strong resonances due
to the Ag nanospheres in the absence of QDs are modified by the presence of the QDs,
Figures 4.7 and 4.8, show real and imaginary parts of ¢,,. vs. wavelength with host

dielectric constant as parameter. In this case, for e.g. an Ag fill factor of 0.3, one can obtain
around -2 and -0.2 for real and imaginary parts of¢,,,., respectively. The imaginary part is
obviously larger in magnitude than the one calculated above (-0.03), but that was based on
vacuum, with no local field correction. It turns out that the higher the dielectric constant of the
embedding medium, the more negative the ¢,,,." (implying gain), within a small bandwidth, and
that the “resonant “nature of the CM relation with negative permittivity nanoparticles actually
assists in producing higher gain. Thus, it appears does indeed appear possible to generate, at least
in theory, a negative &;,,. as well as low loss or gain for the parameters listed above.

Near Resonant Plasmonic Planar Waveguides Based on Metamaterials with Positive and
Negative Dielectric Constants

We can now use the results from above to investigate the properties of planar near resonant
waveguides, potentially important elements in photonic circuits, given that the losses can be
compensated to some extent. We have for such waveguides:

ﬂz _ kg Emucamact  _ ( 27 )2 (A.11)

: A
Epucy T Epmuc off
e 2
2
7/2MA01 =—k, —ma____ - (A.12)
SMACZ + gMAC]
e 2
2
}/ZMACZ = —ko —amaez (A13)
Emaca T EMAC]

These equations relate the effective index S, =N, .k, (Equation A.11); confinement

eff
factors (inverse of 1/e penetration depth in the metamaterials) 7,137 uc.» Equations A.12 and

A.13, to the macroscopic dielectric constants. Making the dielectric constants nearly equal but
with opposite signs in the two media (and with small imaginary parts) will lead to very large
values for effective index (enabling e.g. short resonators) and confinement (close laterally
packed waveguides), i.e. the desired lateral and longitudinal confinement, leading to dense
integration. Unfortunately, it will also lead to losses per unit length that increase dramatically as
this integration density is increased. However, for resonators, this is not an issue since the length
will also decrease, the decisive parameter is the ¢,,,." of Equation A.6. Thus there is an interest

in compensating these losses e.g. by gain, and we use the results above for this purpose. (The
increase in losses per unit length can be understood from the fact the group velocity approaches 0
at the resonance, hence the temporal decay time corresponds to a vanishingly small propagation
length, giving a very high loss coefficient, per unit length.) It should also be pointed out that the
conditions for resonance are very far from being fulfilled in e.g. an Ag-dielectric system, but can
more closely be met in a metamaterial system with gain as discussed here.
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First, looking at the hypothetical case of lowering the &"of silver from its intrinsic value
down to 0, we see that propagation length exponentially increases for both a bulk Ag-SiO,
plasmonic waveguide and the metamaterial surface plasmon waveguides (Figure 4.9 and 4.10).
However, the confinement of the bulk Ag-SiO, shows no improvement in lateral confinement,
while the metamaterial shows tighter confinement on both the metal and dielectric sides. Now,
adding gain to the system in the form of a two-level system, e.g. CdSe quantum dots (Figures
4.11 and 4.12), we see that propagation lengths can be greatly increased close to the two-level
system resonance, while lateral confinement is still better than the Ag-SiO, reference case.

Other publications have also investigated amplification [106]. In that publication,
however, conclusions are drawn that an amplification of 7x10* cm™ can be obtained; however,
this is a material gain and not the macroscopic gain, which is, as evidenced from, very much
lowered by the confinement factor. The numbers presented in this section are more realistic from

that point of view in that the macroscopic ¢,,,." is calculated. As expected, balancing loss with
gain gives high lateral confinement as well as long propagation lengths, Equation A.11-A.13.
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Figure 4.9 Propagation length for metallodielectric metamaterial
surface plasmon waveguide plotted versus Ag &" without QDs. As

&" reduces towards 0, the propagation length increases exponentially.
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Figure 4.11 Propagation length plotted against wavelength for
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Ag/Si02 surface plasmon waveguide propagation lengths are seen at
~553nm.
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Conclusion

We have analyzed metamaterials composed of silver nanospheres embedded in a dielectric
background and also the combination of silver nanospheres and quantum dots in such a dielectric
host. In the former case, a range of positive as well as negative macroscopic € can be generated,
but it is found that these metamaterials, when designed for negative ¢,,,.' actually have &},

comparable to bulk silver at the wavelengths investigated, even in optimized metamaterial
structures. When adding fully inverted two level systems with linewidths on the order of 6 meV
and dipole moments on the order of 1 nm times electron charge, it is found that one can combine
negative &,,,.' with low loss or gain, capitalizing on a large epsilon of the embedding dielectric.

The feasibility of such a medium is a subject of further research.

The results above were used to analyze near resonant planar surface plasmon
waveguides, based on metamaterials on both sides of the interface, for high lateral field
confinement as well as large effective indices. The characteristics of such a structure were
compared to a reference Ag-SiO; plasmonic waveguide. The comparison was carried out for the
hypothetical case of &” of silver as a free parameter (actually changing &" also changes the real
part, due to Kramers-Kronig) and it was found that the metamaterial structure is inferior to the
reference system regarding propagation length but superior with respect to confinement when &”
approaches zero. When introducing QD gain in the system, the metamaterial waveguide is
superior to the Ag-SiO; reference system when one approaches the QD resonance. It should also
be pointed out that the near resonant planar surface plasmon waveguide structure can in turn be
used to generate channel waveguides, resonators, filters etc.
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The future progress of plasmonics for integrated photonics, at least for generically useful
devices, seems to be very much tied to the possibilities to decrease the optical losses. Introducing
gain, in the shape of simple two-level systems or quantum dots, as was analyzed, is an interesting
option, however, apart from feasibility considerations, the compensation of distributed losses
will introduce noise [107], which also has to be taken into account.

It should be noted that the high positive € of the metamaterial can give higher refractive
index than e.g. silicon, and thus can also be interesting to use in conventional total internal
reflection type waveguides to generate tightly confined fields. However, the losses are still an
issue, though marginally lower, as analyzed above in Table 4.1.

In the quest for high confinement, large effective index structures and effective
wavelengths in the 10 nm size range, photonic crystal like effects have to be considered, since
the wavelength in the medium will eventually be of the same order as the nanostructures
involved. Thus, future work should include ab initio material and electromagnetic simulations, in
order to model the complex interplay between the embedding matrix, nanoparticles and
amplification nanoparticles, hence establishing a solid basis for the feasibility of negative epsilon
materials with ultra-low losses and the resulting possibility for ultra-compact integrated
photonics.
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