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Abstract

Advancements in Al, machine learning, AR/VR, IoT, and cloud comput-
ing, along with the anticipated arrival of 6G, are driving innovations like
telepresence and autonomous machine communication. These technolo-
gies demand robust data center infrastructure to manage exponentially
growing data traffic. The speed of data centers depends on their inter-
connects, and for short-reach connectivity, optical interconnects (OIs)
with VCSELSs are preferred due to their high speed, compact size, and
energy efficiency. However, when tested with real-world data, these sys-
tems often experience additional receiver sensitivity penalties, which re-
main insufficiently addressed in prior studies. Additionally, while co-
packaging the transceivers which enhances system capacity, it subjects
components to harsh environments, underscoring the need for advanced
optical interconnects that maintain performance across wide tempera-
ture ranges. This thesis examines the operation of optical interconnects
in real-world scenarios. A comprehensive study on Pseudo-Random Bi-
nary Sequences (PRBS) examines longer patterns that closely resemble
real data, addressing additional receiver sensitivity penalties associated
with longer sequences through a line coding technique. The study, con-
ducted through simulations and experiments, uses a directly modulated
VCSEL as the transmitter, a photodiode for direct detection, and mul-
timode fiber for transmission. Results demonstrate 50 Gbps error-free
transmission with a PRBS-31 sequence and 50-Gbps error-free transmis-
sion using PRBS-15 at 50°C when line coding is applied. The effective-
ness of line coding increases under higher system stress, such as elevated
data rates and temperatures. Additionally, improved VCSEL Quantum
Well (QW) designs show robust performance across a broad temperature
range, achieving 25-Gbps error-free transmission at 140°C. These find-
ings are essential for advancing interconnect systems capable of handling
real data in harsh environments.

Keywords: optical interconnect, fiber communication, vertical-cavity
surface-emitting laser (VCSEL), High-Speed Data Transmission, Pseudo-
Random Binary Sequence (PRBS), Line coding technique.
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Chapter 1

Introduction

The rapid advancement of Artificial Intelligence (AI), 5G, and the an-
ticipated 6G network is reshaping the digital landscape, enabling data-
intensive applications such as autonomous vehicles, edge computing, aug-
mented and virtual reality, the Internet of Things, and high-definition
remote surgeries. With projected 6G speeds of up to 1 TeraByte per
second [1], these technologies are creating unprecedented data demands,
leading to a substantial increase in global data traffic, as shown in Fig.
1.1. This growth underscores the need for robust high-performance com-
puting (HPC) systems in both large data centers (DC) and smaller pro-
cessing units to meet escalating data requirements [2-5].

Efficient data transfer within HPC systems and DC depends on inter-
connects that link switches, computing units, and storage components.
Initially, coaxial and copper cables met these needs but fell short as data
volumes grew. Fiber optics, introduced in the 1990s, revolutionized data
centers with high-speed, long-distance transmission, low latency, and im-
munity to electromagnetic interference. In modern data centers, optical
interconnects connect units via transceivers on server panels, while elec-
trical interconnects link ICs to these transceivers. To manage increasing
data traffic more efficiently, co-packaged optics (CPO) can be employed,
a technique that reduces dependence on electrical links and enhances the
system’s bandwidth and energy efficiency [6,7].
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Figure 1.1: Global data traffic forecast by 2030 [8].

Figure 1.2 illustrates the Ethernet roadmap up to 2030, highlighting a
significant increase in link speeds to meet the demands of advanced tech-
nologies and applications. Starting at 10 Mb/s in the 1980s, Ethernet
advanced to the Gigabit Ethernet (GbE) range by the early 2000s. The
following decade saw further growth with the development of 40 GbE
and 100 GbE, driven by cloud computing, high-definition video stream-
ing, and large-scale data centers. Ethernet speeds have since scaled to
200 GbE and 400 GbE, with future projections reaching 800 GbE and
1.6 TbE. By 2030, Ethernet speeds are expected to achieve 3.2 Terabit
Ethernet (TbE) [9-11].
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Figure 1.2: Evolution of Ethernet over the years [12].

1.1 Co-packaged optics

As data traffic increases exponentially, the need for faster data networks
and device interfaces grows, which drives up energy consumption and
heightens latency (delay in data transmission and processing within a
network). Co-packaged optics (CPO)—the integration of silicon and op-
tics on a single substrate as shown in Fig.1.3 — addresses these challenges
by enabling low-latency, energy-efficient systems, essential for modern
high-performance computing. Optical fibers transformed network infras-
tructure by enabling seamless connections between optical modules and
ICs on PCBs. However, as network speeds push to 400 Gbps and beyond,
bandwidth limitations arise, particularly in transmitting high-frequency
signals from ICs centrally located on PCBs to front-panel modules. Here,
CPO offers a critical solution by positioning optics closer to ICs, effec-
tively supporting the continued evolution of high-speed networks [13,14].
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Figure 1.3: Block diagram comparing co-packaged optics with the traditional
approach of using transceivers with digital signal processing (DSP) connected
to integrated circuits (ICs) [15].

1.2 Objective and structure of the thesis

This work aims to enhance vertical-cavity surface-emitting laser
(VCSEL)-based optical interconnects for high-speed and energy efficient
operation with real-time, random data and over a wide temperature
range. For simplicity and cost efficiency, intensity modulation and direct
detection (IM/DD) with directly modulated lasers are employed. To
simulate real-world data, lab testing typically uses pseudo-random bi-
nary sequences (PRBS). While these sequences are not entirely random,
they approximate random data well; however, longer PRBS patterns,
though more realistic, introduce significant receiver sensitivity penalties
compared to shorter sequences.

Moreover, in densely packed data centers utilizing co-packaged optics,
components like VCSELs are particularly affected by temperature fluctu-
ations, impacting overall channel stability. Thus, developing robust op-
tical interconnects that perform reliably across temperature variations is
essential. In this thesis, the penalties of using longer PRBS sequences are
analyzed and addressed and the system performance under extreme tem-
peratures are enhanced by incorporating advanced quantum well (QW)
VCSEL designs that demonstrate improved stability and efficiency.

The structure of this thesis is organized as follows. Chapter 2 covers
the fundamentals of short-range optical links, discussing key components,
impairments, and noise sources in these systems. Chapter 3 provides an
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overview of VCSEL fundamentals and details of the VCSEL design which
is important for the thesis. Chapter 4 introduces the principles of PRBS,
which are essential for later investigations. Chapter 5 describes the ex-
perimental measurement techniques employed in these studies. Chapter
6 explores state-of-the-art advancements and future directions for this
research. Finally, Chapter 7 summarizes the main contributions of the
research work.
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Chapter 2

Short-Reach Optical
Interconnect System

This chapter presents the fundamentals of short-reach optical intercon-
nect systems. It outlines the core components and provides a brief expla-
nation of each. The topics are organized into three sections: transmitter,
channel, and receiver. Additionally, the chapter discusses the different
noise sources affecting the system.

2.1 Overview

Like any other communication system, an optical interconnect consists
of three core parts: the transmitter, the channel, and the receiver. The
transmitter’s role is to encode information into bits and send it to the
receiver via the communication channel.

The communication channel serves as the medium that carries the
signal to the receiver. As with any physical channel, bandwidth is lim-
ited, and noise is introduced, impacting signal quality. Additionally,
several types of distortions can affect the signal as it travels through the
channel:

e Attenuation: A decrease in signal strength as it propagates
through the channel, influenced by factors like distance, signal fre-
quency, and the transmission medium.

e Interference: Degradation in signal quality caused by multiple
signals overlapping or interfering. These signals can be from mul-
tiple sources or from the same source travelling in nearby channels.
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e Noise: An unwanted signal component introduced during trans-
mission. Noise sources include environmental factors, electronic
devices, and thermal fluctuations, which can obscure the signal,
complicating information retrieval.

e Dispersion: Broadening of the signal pulse as it propagates, re-
sulting from different frequencies within the pulse traveling at vary-
ing speeds. This leads to pulse broadening, reducing signal ampli-
tude and potentially interfering with neighboring signals in time.

On the receiver side, the main task of the circuitry is to recover the
data sent by the transmitter as accurately as possible. The receiver first
collects the signal from the channel and then passes it through a receiv-
ing filter. The signal is then sampled, converting it from a continuous
to a discrete form, followed by a decision-making step to extract the
transmitted information.

A communication channel is typically characterized by two funda-
mental properties: bandwidth and signal-to-noise ratio (SNR) at the
receiver. The capacity of a noisy channel can be determined using the
Claude Shannon expression [16,17]:

C = BW log,(1 + SNR), (2.1)

where, 'BW’ denotes bandwidth, and this expression is valid for lin-
ear channels with Additive White Gaussian Noise (AWGN). The data
rate achievable in any channel depends on three main factors: available
bandwidth, the signal levels, and channel quality. The Shannon capacity
defines the maximum bit rate, or the upper limit, for information that
can be transmitted over a channel in bits per second.

Data-centers require numerous interconnects that are fast, cost-
effective, and power-efficient, driving the need for simple, low-cost sys-
tems. This is achievable using VCSELs as the laser source, multimode
fibers (MMF) as the transmission medium, and photodiodes for di-
rect detection. These components are discussed in the following sec-
tions [18-20].

2.2 Directly-modulated lasers

Initially, LEDs were used in short-range communication systems due to
their compact size and low cost. However, as data rate demands have
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increased with modern applications, LEDs lack the necessary modulation
bandwidth to meet these requirements. This shift in demand has directed
attention toward directly-modulated lasers, which are preferred in data-
center optical interconnects for their simplicity, power efficiency, and
cost-effectiveness. Directly-modulated lasers also eliminate the need for
bulky and expensive modulators within the system.

Despite these advantages, directly-modulated lasers are unsuitable
for long-reach systems due to their large chirp (change in frequency
with time). For optical interconnects, 850 nm has become the stan-
dard operating wavelength, making GaAs-based lasers crucial for these
applications. Among directly-modulated lasers [21], the Vertical-Cavity
Surface-Emitting Laser (VCSEL) is widely used and discussed in detail
in previous sections.

2.3 Multimode fibers (MMF)

(a)
LPy;Mode LP;; Mode LP,;Mode
0.9 10 0.9 10 0.9
5 5o 5
> > >
0.1 -10 0.1 -10 0.1
-10 0 10 -10 0 10
X [pm] X [um]
(b)
Single mode fiber Multi mode fiber 0.0

Core radius (x)

Propagation (z) 0.1

Figure 2.1: (a) Mode Field Distributions of LP 01, LP 11 and LP21 and (b)
Intensity profiles of single mode and multimode fibers.
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For short-range optical interconnects, multimode fibers (MMFs) play an
essential role. Their larger core diameter enables easier coupling of light
from the transmitter with straightforward alignment techniques, simpli-
fying the system and reducing costs. However, MMFs have a higher
cost per meter compared to single-mode fibers (SMFs) and are prone to
intermodal dispersion. This dispersion causes pulse broadening, which
limits the bandwidth-distance product. MMFs typically have a core di-
ameter between 50 pm and 62.5 pm, whereas SMFs have a core diameter
of around 9 pm. Light is guided through MMFs via total internal re-
flection, where the core’s refractive index, ng, is higher than that of the
cladding, n;. For the field to propagate as a mode in the waveguide,
it must satisfy certain boundary conditions. Modes are solutions to the
electromagnetic wave equation within the waveguide, which, in a weakly
guiding dielectric waveguide A = (ng —ni1)/np < 1, can be reduced to
a scalar wave equation:

(V7 + kgn®(r) — B%) Ey(r,0) = 0 (2.2)

Here, E; represents the transverse electric field profile in cylindrical co-
ordinates (7, #) perpendicular to the fiber axis, § is the propagation con-
stant, n(r) is the refractive index (assumed symmetric around the fiber
axis for simplification), and kg is the wavenumber. Solving this equation
provides linearly polarized modes (LP modes), which describe how light
of different patterns travels within the fiber. These modes are denoted
by LP., with subscripts indicating each mode’s specific intensity distri-
bution across the fiber core, as illustrated in Fig. 2.1(a). For instance,
LPg; represents the fundamental mode, where the subscript ’1’ indicates
no intensity variation radially outward from the center, and '0’ denotes
a single peak in the angular direction. SMFs support only this funda-
mental mode, while MMFs support the fundamental mode along with
several higher-order modes. The mode intensity profile of the 2 fibers
is shown in Fig. 2.1(b). The number of modes a fiber supports can be
determined using the V parameter, which indicates whether the fiber
operates in single-mode or multimode [22-24]:

2ma 9 9

V = T nl - no (23)

where a is the core diameter, and )\ is the wavelength of light propa-
gating through the fiber. For fibers with larger V values, the approximate
number of modes can be calculated as [25]:

10
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V2
Niodes ~ 7 (24)

2.4 Graded-index fibers

()
"

Figure 2.2: Ray optics representation of (a) Graded index (b) Step index and
(c) Single mode fiber.

Different types of multimode fibers allow light to propagate in various
mode profiles, each with distinct group velocities. For efficient com-
munication, it is essential to use a mode configuration that reduces for
intermodal dispersion, thereby increasing the system’s transmission ca-
pacity. One such configuration features a high refractive index at the
fiber axis, which gradually decreases with radial distance from the cen-
ter, as shown in Fig. 2.2(a). This structure characterizes the cores of
graded-index fibers, which follow a power law index profile. This profile
mathematically describes the refractive index’s radial variation as [26]:

2 _ 2
n°(r) =n [1—2(—) —], r<a (2.5)
@ a 2n2

where n, is the refractive index at the fiber axis, nq is the refractive index
at the core-cladding boundary, r represents the radial distance from the
center of the core, a denotes the core radius, and p is the profile exponent
defining the shape of the refractive index profile. The mathematical
analysis of multimode propagation is complex. To simplify, ray optics
can approximate light propagation within fibers. Fig. 2.2 illustrates the

11
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ray optics approximation for graded-index in Fig. 2.2(a), step-index in
Fig. 2.2(b), and single-mode fibers in Fig. 2.2(c), offering an intuitive
view of light behavior in different fiber configurations [27].

2.5 Types of MMF

In data communication, five standard types of fibers are commonly used
for fiber communication: OM1, OM2, OM3, OM4, and OM5. OM1
and OM2 fibers have core diameters of either 50 pm or 62.5 pm, with a
cladding diameter of 125 pm. In contrast, OM3, OM4, and OMb fibers
are standardized with a core diameter of 50 pm. These fibers are char-
acterized by two key metrics: Overfilled Launch (OFL) bandwidth and
Effective Modal Bandwidth (EMB). OFL bandwidth indicates the fiber’s
capacity when all modes are excited, reflecting the maximum data rate
the fiber can support under full modal excitation. EMB, on the other
hand, represents the data-carrying capacity when launch conditions are
optimized to excite a selective number of modes, enhancing performance.
Both metrics are expressed in MHz-km, representing the product of band-
width and distance, meaning that as distance increases, available band-
width decreases, and vice versa. A summary of the characteristics of
these multimode fibers is provided in Fig. 2.3 [28,29].

OFL (zxKm) | EMB Mizxkam) |

OM1 200 Not specified
OM2 500 Not specified
OM3 1500 2000
OoM4 3500 4700
OM5 Not specified 4700

Figure 2.3: Representation of different fiber types and their bandwidths.

2.6 Signal reception

At the receiver end, a photodiode converts incoming optical power carry-
ing information into a corresponding electrical signal. In short-reach in-
terconnects, PIN photodiodes are commonly used due to their efficiency
and simplicity. The photodiode’s output current is directly proportional
to the incident optical power, expressed as:

I = RyPy (2.6)

12
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where Pj, is the incident optical power, and Ry is the photodiode re-
sponsivity expressed in amperes per watt (A/W). The responsitivity can
be mathematically written as

q
Ra=n3"~ (2.7)

where 7 is the quantum efficiency, g is the electric charge, h is the planck’s
constant and v is the incident light frequency. Typically, the photodi-
ode’s output current is weak, so an amplifier follows to boost signal
strength. Some manufacturers integrate the amplifier within the same
package as the photodiode, known as a Transimpedance Amplifier (TTA),
producing a combined component called a photoreceiver. The TIA, con-
verts photocurrent to voltage, making it more efficient for current-output
devices like photodiodes. The signal is then processed by decision cir-
cuitry to extract the transmitted information. The photodiode’s output
signal contains both the transmitted information and noise. In direct
detection systems, the electrical power is proportional to the square of
the optical power (square-law detection). The ratio of signal to noise, or
Signal-to-Noise Ratio (SNR), is given by:

SNR — average signal power [ 2

noise power T o2 (28)
where R is the resistance, I and o are the signal and noise powers, respec-
tively. Both SNR and noise are measured in the electrical domain. Opti-
cal interconnect system performance is evaluated based on receiver sensi-
tivity, which is the minimum optical power required to achieve a specific
Bit Error Rate (BER). Such measurements are commonly referred to as
BER measurements. In Intensity-Modulated Direct-Detection (IM/DD)
systems, there are three primary noise sources: shot noise, thermal noise,
and relative intensity noise (RIN) [2,30].

e Shot Noise: This arises from the quantum nature of light and
current. Even with continuous optical power on the photodiode,
photon absorption and electron-hole generation occur at random
intervals, resulting in discrete, random photocurrent pulses. The
variance of shot noise is given by:

o2 =2qIAf (2.9)

where ¢ is the elementary charge, I is the average photocurrent,
and Af is the receiver bandwidth. Shot noise increases with higher
incident optical power.

13
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e Thermal Noise: This is caused by the random movement of elec-

trons due to kinetic energy at temperatures above absolute zero.
This random movement generates unwanted current, known as
thermal noise. The thermal noise variance is expressed as:
4kpTAf
2
o = ——— 2.10

P= (2.10)
where kg is the Boltzmann constant, T' is the temperature and Ry,
is the load resistance. In contrast with other noise sources, thermal
noise is independent of the signal power and remains constant for
a specific system.

Relative Intensity Noise (RIN): This originates in the laser
due to spontaneous emission, causing random-phase and frequency
photons. In multimode lasers, RIN peaks at resonance and lower
frequencies due to mode competition. The variance of RIN after
the photodiode is:

ok = SrRINTPAS (2.11)

where Sgin is the RIN value (dB/Hz). RIN is signal-dependent,
similar to shot noise, with noise variance proportional to the square
of the photocurrent. Typically, thermal noise dominates, but at
high received optical powers, RIN and shot noise may become more
significant.



Chapter 3

Vertical-Cavity
Surface-Emitting Lasers

This chapter introduces the fundamentals of the Vertical-Cavity Surface-
Emitting Laser (VCSEL). It covers the basic architecture, key principles,
and operational processes of the VCSEL. Additionally, it addresses the
thermal characteristics of the device and their impact on performance.

3.1 Fundamentals

In lasers, three main radiative processes describe light amplification: ab-
sorption, spontaneous emission, and stimulated emission. In absorption,
photons excite electrons to higher energy levels, while in spontaneous
emission, electrons in high-energy states drop to lower levels, releas-
ing photons. Stimulated emission—the principle behind lasing—occurs
when an incident photon prompts an excited electron to emit an iden-
tical photon with the same frequency, direction, and polarization. This
process is essential for coherent light amplification and underpins the
lasing mechanism [31-33].

For lasing to occur, optical gain is necessary, achieved by creating
population inversion through a pn-junction in semiconductor materials.
When an external bias is applied, electrons accumulate in the conduc-
tion band and holes in the valence band, enabling optical gain through
stimulated emission. This gain must surpass or equal system losses for
lasing to continue, typically facilitated by mirrors forming a resonant
cavity that allows certain photons to multiply through repeated inter-
actions. As energy is introduced, the gain increases to a threshold level

15
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where stimulated emission begins, transforming the VCSEL from a Light
Emitting Diode (LED)-like state into a laser. Additional requirements
for lasing include a source of external energy, an optical cavity, and
photon emission to produce the final laser output. This relationship is
quantified by the threshold gain, expressed as follows

—l(-+ )—l RN ! (3.1)
gth—F Q; T Qm T a; 2Ln R.R; ) .

where I' is the confinement factor, representing the overlap between the
gain region and the optical field, L denotes the cavity length, «; and «;,
are the internal losses and mirror losses respectively.

p-contact ring
P

Silicon nitride

E p-DBR
n-contact
Active region z-position

Oxide layer
Active region

Contact pad

Contact pad

Figure 3.1: Cross-sectional view of the VCSEL with mode overlapping.

A second condition for laser operation is the phase condition, which
states that not all wavelengths supported by the cavity will lase. Only
those wavelengths that satisfy the phase requirement will amplify. Wave-
lengths that do not meet this condition interfere destructively and fail
to amplify. On the other hand, wavelengths with the correct phase will
remain in sync, resulting in constructive interference and amplification,
leading to a high-intensity, stable laser output. The phase condition can
be mathematically written as

2
exp <—j)\:)r2Lneff> =1, (3.2)

16
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where neg is the effective refractive index of the cavity, and Ag is the
lasing vacuum wavelength. The expression can be fulfilled when

2L
Ng = —tefl (3.3)
m

Where m is a non-zero integer. The above expression shows that different
values of m allow the cavity to support multiple wavelengths. However,
as illustrated in Fig. 3.1, most of the field fall outside the gain medium.
In the case of VCSELs, which have a very short cavity length ‘L, even
fewer modes are supported, further limiting the number of wavelengths
that can be amplified [34-37].

3.2 Basic Architecture and Concepts of VCSEL
Technology

The VCSEL is a surface-emitting laser with its resonators aligned ver-
tically. Its basic design consists of a bottom resonator, a cavity in the
middle, and a top resonator. Light is typically emitted from the top
resonator, though emission from the bottom is also common. A top-
surface-emitting 850 nm GaAs VCSEL is discussed in this thesis.

Both resonators are usually distributed Bragg reflectors (DBRs) with
very high reflectivity. The VCSEL architecture is designed with an un-
doped semiconductor serving as the active region, sandwiched between
higher bandgap mirrors. Typically, the top mirror is p-doped and the
bottom mirror is n-doped, forming a pn-junction that is forward biased
to generate optical gain in the small active region at the center of the
device. Electrical current is injected through the n-contact and p-contact
using the gold contact pads on the top surface, allowing for easy probing.

When comparing surface emitting lasers with edge emitting ones, a
key difference is the direction of resonators. The resonators are placed
horizontally as comparison to the VCSEL where the resonators are placed
vertically. Consequently, the emission from these lasers is from the edge
rather than the surface. These horizontal resonators are created by cleav-
ing the material. The vertical cavity allows VCSELSs to be tested on the
wafer during fabrication, unlike edge-emitting lasers, which cannot be
wafer-tested during the manufacturing process. This advantage enables
VCSELs to support mass production and offers cost efficiency. Addi-
tionally, their smaller size provides further benefits over edge-emitting
lasers. Furthermore, as shown in Fig. 3.2, the VCSEL beam is circu-
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lar in shape thanks to the symmetric design while the beam of the edge
emitting laser is elliptical in nature which increases the need of expensive
lenses to couple the light into the fiber. However, VCSELs with their
smaller size are more susceptible to higher temperatures at lower current
injections [38,39].

Circular beam
— — 1

Elliptical beam

O

(b)

Figure 3.2: Schematics of (a) VCSEL and (b) Edge emitting laser.

3.3 Key Functional Aspects of VCSELSs

The wavelength of a VCSEL is determined by the distance between
the top and bottom DBR mirrors, each layer in the mirror is quarter-
wavelength thick, and the thickness of the active region, also known as
the cavity length. These DBR mirrors can be made from either the epi-
taxial material used in the active region or dielectric materials with alter-
nating layers of high and low refractive index. In the case of GaAs-based
VCSELs, the epitaxial mirrors are typically made from Al,Gaj_,As,
where the high and low refractive indices are achieved by varying the
concentration of aluminum.

The cavity of the VCSEL contains QWs, which generate photons
through stimulated emission when the optical wave overlaps them effi-
ciently. These QWs are typically made of GaAs or InGaAs. InGaAs
QWs, in particular, offer a strained structure that increases the differen-
tial resistance of the device, making them suitable for designing VCSELS
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with high modulation bandwidth [40].

For high-speed VCSELs, 3-5 QWs are typically used. A higher num-
ber of QWs can spread the active region, resulting in inefficient overlap
with the optical field. The QWs, which are usually 3-5 nm thick, must
be carefully selected to ensure optimal overlap between the optical wave
and the combined material gain of the QWs. The thickness of the cavity
is typically a half-integer multiple of the wavelength (1/2-A, 1-A, 3/2-),
etc.), but it is most commonly designed with a thickness of 1/2-\ or 3/2-
A. Two different QW design VCSELs were analyzed and tested across
wide temperatures in Paper B.

The QWs are positioned adjacent to one another in a higher bandgap
separate confinement heterostructure (SCH) region, as shown in Fig. 3.3,
with AlGaAs acting as barriers between them. These barriers create
walls that confine the charge carriers, ensuring efficient light generation
within the cavity.

In addition to longitudinal confinement in the vertical direction,
transverse confinement of the charge carriers is also essential for effi-
cient VCSEL operation. This is achieved using oxidized layers, which
confine both the electrical and optical fields. By oxidizing AlGaAs with
high aluminum content, an oxide aperture is formed within the VCSEL
device. This layer is electrically insulating, which restricts the flow of
electrical current to the aperture [41,42].
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Figure 3.3: Representation of VCSEL QW structure.

Fig. 3.4 illustrates the modulation response of an 850-nm VCSEL
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at different bias current levels. The bandwidth increases with higher
bias currents until it reaches the resonance peak. Beyond this point,
the bandwidth decreases sharply due to parasitic resistances and capac-
itances, which limit modulation at high frequencies. The 3-dB modu-
lation bandwidth (indicated by the black dotted line) is the frequency
where the bandwidth drops to 50% or 3 dB below its DC value [43,44].
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Figure 3.4: Representation of VCSEL QW structure.

3.4 Thermal characteristics of VCSEL
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Figure 3.5: Schematics of VCSEL gain and modes shift as a function of
temperature.
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3.4. Thermal characteristics of VCSEL

The resonance of a VCSEL is determined by the effective optical thick-
ness of the cavity and the thickness of the DBRs, which provide sufficient
reflectivity at the resonance wavelength. As the temperature increases,
the gain spectrum shifts towards longer wavelengths (red shift), with the
amount of shift depending on the composition and thickness of the QWs
in the active region. The rate of this gain peak shift is approximately
0.32-0.33 nm/K [45].

However, due to Joule heating during current injection in
the VCSEL, the materials within the device heat up, causing a change in
the effective refractive index of the cavity. This alters the optical length
of the cavity, resulting in a red shift of the resonance wavelength at a
rate of approximately 0.06-0.09 nm/K [46]. This shift is influenced by
multiple factors, including the composition of the VCSEL.

As shown in Fig. 3.5, the effect of temperature on both the gain
spectrum and resonance wavelength can be observed. At room tempera-
ture, there is often a detuning, where the resonance wavelength does not
perfectly match the gain peak. However, as temperature increases, the
gain spectrum and resonance wavelength shift, eventually reaching an
optimum operating temperature where the resonance wavelength aligns
with the gain peak. Beyond this point, as temperature continues to rise,
the gain peak drifts further, leading to a decrease in VCSEL perfor-
mance [47-49|.
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Chapter 4

Pseudo-Random Binary
Sequences

When testing systems in the laboratory, test engineers often use specific
patterns designed to emulate real-time data found in actual systems.
These patterns, known as Pseudo-Random Binary Sequences (PRBS),
are widely used in testing high-speed serial interface devices. PRBS
patterns help ensure that these devices perform reliably in real-world
applications. While PRBS patterns have a continuous power distribution
in the frequency domain, they repeat after a certain sequence length,
meaning they are not fully random. The level of randomness depends
on the sequence length: the longer the sequence, the more closely it
resembles true random data.

PRBS patterns are not only used in digital functional tests but are
also applied in mixed-signal tests, where they can be embedded within a
modulation signal. In system testing, PRBS patterns are crucial, and un-
derstanding their generation is essential. Details on how these sequences
are generated are discussed in the following section [50].

4.1 Linear-Feedback Shift Register (LFSR)

A Pseudo-Random Binary Sequence (PRBS) can be generated using var-
ious methods, with one common approach being the use of a Linear
Feedback Shift Register (LFSR). An LFSR is a shift register made up
of a series of flip-flops connected sequentially. It performs discrete op-
erations where all bits in the sequence are shifted to the left, and the
leftmost bit is shifted off (discarded). The vacant rightmost bit is then
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filled with the result of multiple XOR operations between the bits taken
from multiple positions in the shift register. The length of the generated
Pseudo-Random Binary Sequence (PRBS) is determined by the num-
ber of shift registers in the Linear Feedback Shift Register (LFSR). The
PRBS sequence is characterized by three essential parameters:

1. Seed: The initial sequence of bits used to initialize the register.

2. Number of Bits: Defines the maximum length of the generated
sequence.

3. Tap Position: Specifies the bit position used in the XOR opera-
tion to generate new bits. If the tap position is not optimal, the
generated sequence will not reach its maximum length, resulting
in a shorter, more frequently repeating sequence.

These parameters collectively define the behavior and characteristics of
the PRBS sequence generated by the LFSR [51].

4.2 PRBS generation

Fig. 4.1 illustrates the logic diagram of a 4-bit PRBS generator, which
consists of 4 D-type flip-flops. A D-type flip-flop functions as an elec-
tronic memory element that retains its output state until a change in
the input occurs, updating its output state on a rising clock pulse. The
truth table for the D flip-flop is shown in Fig 4.2(a).

Seed value
Clock pulse 1
Clock pulse 2
Clock pulse 3

Clock pulse 4
(]

&
<
XOR gate
' ‘

Clock pulse
o

[]
[ ]
[ ]
[ ]
4-bit PRBS generator °
°

[ ]
Clock pulse 14

Figure 4.1: Block diagram of D flip-flops constituting a LFSR.
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Figure 4.2: Truth table of (a) D flip-flop and (b) XOR gate.

The PRBS sequence is generated by providing feedback from flip-
flop 3 and flip-flop 4 to the input of the first flip-flop through an XOR
gate. The truth table for the XOR gate is also shown in Fig 4.2(b). The
outputs of A and A4 provide the input to I; via an XOR gate. The
initial state for the flip-flops is set to 0 0 0 1, as starting with 0 0 0 0
would cause the shift register to get stuck, producing only zeros.

For each clock pulse cycle, the PRBS generator outputs a single
PRBS bit (either 0 or 1). After 14 clock pulses, the PRBS generator
has produced a sequence of 15 bits, which corresponds to 24-1. This
4-bit LFSR can be mathematically represented by the polynomial x4 +
x3 + 1, generating a PRBS sequence such as (000100110101
1 11). Generally, if the system has m flip-flops, the maximum length
of the sequence will be 2™ — 1. Each PRBS sequence of 2™ — 1 bits
includes all possible combinations of m bits, excluding the all-zero state,
as previously discussed. The -1 in the formula accounts for this missing
state.

The data rate of the output PRBS is determined by the clock fre-
quency supplied to the PRBS generator. Typically, PRBS generators
operate at low clock frequencies. To achieve high-speed PRBS genera-
tion, multiplexing is applied. One key property of a PRBS sequence is
that if it is shifted by half of its length and then combined (multiplexed)
with its unshifted version, the resulting PRBS remains identical to the
original sequence. This property allows high data rates to be achieved
by efficiently multiplexing the PRBS streams, resulting in a faster PRBS
output [52].

4.3 PRBS Bandwidth and Spectral analysis

In this section, we will focus on NRZ (Non-Return-to-Zero) sequences.
As previously discussed, PRBS patterns are not fully random, as they
repeat after a specific sequence length. This periodicity causes the power
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Figure 4.3: Frequency spectrum of a PRBS sequence.

spectrum of the PRBS to consist of discrete, equally spaced lines rather
than a continuous spectrum. The distance between two adjacent lines is
referred to as line spacing, as illustrated in Fig. 4.3. A longer sequence
length results in a denser spectrum, meaning closer line spacing. These
spectral lines are enveloped by a curve. In case of square shaped pulses,
it can be mathematically approximated as follows.

(Sh}f>2 or sinc(f). (4.1)

Here, f represents the frequency. The longer the generated PRBS se-
quence, the closer its envelope approximates to a sinc?(f) function. This
results in zero power at the clock frequency. The line spacing (also defines
the sequence repetition rate) between spectral lines can be mathemati-
cally represented as

bit rate
2m — 1]

Here, 2™ — 1 denotes the sequence length, where m is the number of

line spacing = (4.2)
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registers in the PRBS generator. This indicates that line spacing depends
on both the bit rate and sequence length. Fig. 4.4 shows commonly used
PRBS sequences and their corresponding line spacing when the bit rate
is kept constant. From this, it is evident that a longer sequence length
leads to a denser spectrum. Consequently, in testing, it stresses more fre-
quencies within the system, similar to testing with continuous signals in
a real environment. Fig. 4.5 illustrates the time-domain representation
of a PRBS signal and its corresponding frequency-domain spectrum. In
this example, a 4-bit LFSR generating a 15-bit sequence is shown.

Number of bits | Line spacing at 32 | Line spacing at 56
Gbps Gbps

2741 127 252 MHz 441 MHz
2%1 511 63 MHz 110 MHz
211 2047 15.6 MHz 27.4MHz
2151 32767 977 kHz 1.7 MHz
220 1048575 30.5 kHz 53.5 kHz
2241 8388607 3.8 kHz 6.7 kHz

2311 2147483647 14.9Hz 26.1Hz

Figure 4.4: Table showing different PRBS and their corresponding line spac-
ing.

The time-domain representation of this sequence is depicted in Fig.
4.5(a). Fig. 4.5(b) shows the Fast Fourier Transform (FFT) of this time-
domain signal at a bit rate of 1 Gbps. The main lobe spans frequencies
up to 1 GHz, which matches the bit rate of the signal. The signal’s power
is zero at 1 GHz (1/Tyi) and again at multiples of this frequency, such
as 2/Thit, 3/Thit, and so on. The number of spectral lines in the main
lobe corresponds to the sequence length, which is 15 bits in this case.
The side lobes also contain the same number of spectral lines, resulting
in a total of 15 spectral lines in each lobe, including the DC component.
Consequently, the line spacing in this case is

1 Gbps
15

When recovering a PRBS signal using a filter (Inverse Fast Fourier
Transform) with a specified cutoff frequency, the cutoff frequency will
determine the efficiency of the signal recovery. For instance, if a nar-
row bandwidth filter with a cutoff frequency of 1 GHz is used, capturing
only the main lobe and discarding the side lobes, the resulting signal
will be a rough approximation, as shown in Fig. 4.5(c). As the filter
bandwidth increases, more frequency components are included, improv-

line spacing = = 66.66 MHz (4.3)
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ing the quality of the recovered signal and allowing it to more closely
resemble the original, as illustrated in Fig. 4.5(d) and Fig. 4.5(e). If
the bit rate is increased tenfold to 10 Gbps, the corresponding results
are displayed in Fig. 4.5(f),Fig. 4.5(g), Fig. 4.5(h), and Fig. 4.5(i).
In Figures Fig. 4.5(g) and Fig. 4.5(h), where the filter bandwidth is
insufficient to cover the full main lobe of the signal, a significant loss
of high-frequency components prevents effective signal recovery. Con-
versely, if the filter bandwidth is too high, additional system noise may
be incorporated, degrading the signal-to-noise ratio (SNR) [53,54]. This
concept is critical in understanding additional penalties associated with
longer sequences, like PRBS-31. In a bandwidth-limited system, PRBS-
31 loses more high-frequency components than PRBS-7 (Similar can be
understood for the low frequency cut-off point of the system), as it has a
denser spectral line distribution. This loss impacts the PRBS-31 wave-
form more than PRBS-7, degrading its shape. Furthermore, PRBS-31’s
denser spectrum places greater stress on the system, exposing it to im-
pairments within the system response that may not be as prominent in
the less dense spectrum of PRBS-7.
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Figure 4.5: 4-bit PRBS signal representation: (a-e) Time and frequency

domain at 1 Gbps, with reconstructions at 1, 2, and 3 GHz bandwidth; (f-

i) Frequency domain at 10 Gbps, with reconstructions at 1, 5, and 10 GHz
bandwidth
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Chapter 5

Measurements

This section discusses small-signal and large-signal measurements of VC-
SELs, along with techniques to enhance link performance. Among small-
signal measurements, one of the most critical is the IPV (or LIV) mea-
surement as shown in Fig. 5.1, where 'I’ represents the current, 'P’ is
the corresponding optical power, and 'V’ is the voltage drop across the
VCSEL. Another essential small-signal measurement is bandwidth, as it
determines the device’s frequency response.

For large-signal measurements, eye diagram and bit error rate (BER)
analyses are among the most commonly used tests. These provide in-
sights into VCSEL performance under high-speed modulation, assessing
its viability for optical communication systems. Additionally, increas-
ing link bandwidth directly improves throughput. Techniques like pre-
emphasis and forward error correction are also discussed in this thesis as
methods to enhance link performance.

5.1 Small-signal measurements

In IPV measurements, a sweep of bias currents is applied to the VCSEL,
and the corresponding voltage drop at each current is recorded using
a voltmeter. Output power is measured using a wide-area photodiode,
where the generated current interacts with a load resistor to produce a
measurable voltage that can be converted into power. A larger photodi-
ode area captures more light, but a more accurate measurement involves
using an integrating sphere, which provides isotropic light scattering for
higher accuracy. Several parameters are derived from the IPV measure-
ments, including the threshold current, which marks the point where
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the VCSEL begins lasing. Lower threshold current indicates less cavity
losses, while higher values suggest increased internal losses. Slope effi-
ciency, measured in watts per ampere, reveals the VCSEL’s efficiency
in converting current to optical output. The roll-over current indicates
the thermal characteristics of the VCSEL, where excessive bias leads to
overheating and decreased output. Differential resistance, represented
by the IV curve slope, shows the voltage change with current variations
and affects heat generation and power loss; lower differential resistance is
preferred for high-speed communication due to faster switching capabil-
ities. A comparison of two VCSEL designs offering different differential
resistance across temperatures in done in Paper B.

For wide temperature IPV measurements, the VCSEL is held in a
probe station with vacuum and temperature control. The bandwidth of
the VCSEL is measured using a Vector Network Analyzer (VNA), which
sends small signals over a range of frequencies. The VCSEL’s output
is coupled into an optical fiber connected to a photodiode, with the
resulting signal analyzed by the VNA to determine the S21 parameter,
which reveals the VCSEL’s bandwidth and response across the frequency
spectrum [55-57].
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Figure 5.1: TPV curve of a VCSEL.

5.2 Large-signal measurements

Large-signal measurements evaluate system performance under high-
power, real-world signals, offering insights into actual working conditions.
A key test is the BER measurement, which assesses system performance
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by analyzing transmission errors across various operating conditions. In
Paper A, BER is used to characterize performance with different PRBS,
and in Paper B, it evaluates performance over a wide temperature range.
BER measurements are discussed in the next section. The eye diagram is
another essential tool for visualizing signal quality over time, often com-
plemented by jitter analysis to assess signal timing accuracy. Energy
efficiency measurements are also performed to evaluate power consump-
tion under varying conditions, while temperature-based tests, explored
in Paper B, observe system behavior across a wide temperature range.

The experimental setup for large-signal measurements is shown in
Fig. 1 in Paper B. A clock source synchronizes the transmitted and
received patterns. To simulate real data in the lab, pseudo-random bi-
nary sequences (PRBS) are generated by a bit pattern generator (SHF
12103a), with the clock source also feeding an error analyzer (SHF
11100b) to ensure synchronization. This alignment helps in accurately
identifying the transmitted pattern. The transmitted pattern is atten-
uated to keep the signal within the amplifier’s linear region, which is
operated at its 1 dB compression point, as illustrated in Fig. 5.2. The
RF signal is then sent through a bias tee that combines the DC bias
with the RF signal before feeding it to the VCSEL via the n and p
contacts [31].

The 850 nm VCSEL output is coupled into an OM4 graded-index
multimode fiber (MMF) using a lensed tip, passing through a variable
optical attenuator (VOA) to simulate propagation through a link. For
example, a 3 dB attenuation corresponds to approximately 1 km in OM4
MMF at 850 nm. The attenuated signal is received by a photoreceiver,
which converts the optical signal back to an electrical signal, then sent to
the error analyzer. Here, it is compared with the transmitted pattern to
calculate bit errors. Accurate error calculations require optimizing pa-
rameters such as VCSEL bias current, driving voltage swing, horizontal
delay, and vertical threshold in the error analyzer. This careful align-
ment ensures reliable error detection and a comprehensive evaluation of
system performance [58].

5.2.1 Bit error rate measurements
Overview

Modern digital communication systems have introduced the need for
end-to-end performance measurements in radio engineering. BER is
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Power output (dBm)

Power input (dBm)

Figure 5.2: 1 dB compression point of an amplifier.

commonly used to quantify this performance, providing a measure of
the system’s reliability from input to output. This metric captures the
accuracy of the entire system, encompassing the transmitter, receiver,
and the signal path between them. BER can be simply expressed as

BER — Total bit errors . (5.1)
Total Number of Bits

With a strong signal and a less noisy transmission path, the BER is
typically negligible. However, it becomes critical to manage when main-
taining sufficient signal-to-noise ratio is challenging due to imperfections
in transmission. These imperfections may arise from electronic compo-
nents, such as amplifiers, filters, mixers, and converters, as well as from
the channel, which can be a radio path or an optical fiber. For simplicity,
it is assumed that the system is dominated by thermal noise with vari-
ance o. Other noise sources, such as RIN and shot noise, are discussed
in the previous sections. For a RIN below —145dBm/Hz and received
optical power below 0dBm, the penalty introduced to the receiver sen-
sitivity by these sources is negligible. In a direct detection system, the
electrical current I is proportional to the optical signal power P through
the photodiode responsivity R,q, as described in section 2.6. For OOK,

the BER at the receiver can be mathematically expressed as:

1 I — Iy, Iin — Io
BER—4 [erfc( o2 )—l—erfc( o3 >], (5.2)
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where Iy, I1, and I}, represent the currents corresponding to bit '0’, bit
'1’, and the decision threshold, respectively. Similarly, Py and P; are the
optical power levels corresponding to bit ’0’ and bit '1’.

The optical modulation amplitude (OMA) can be expressed as:

OMA = P, — P,

If the decision threshold is placed in the middle of levels 0 and 1, then
Equation (5.2) can be simplified to:

(5.3)

BER = %erfc <RPD OMA) )

o242

where R,q is the photodiode responsivity, which depends on the wave-
length and the receiver. The noise variance ¢ is influenced by the system
bandwidth (and consequently the bit rate), temperature, noise figure,
and load resistance. Although the concept of measuring BER is straight-
forward—transmit a data stream through the system and compare the
output to the input—implementing it, is complex. Ideally, a BER mea-
surement assumes an infinitely long data transmission as a random pro-
cess, but this is impractical. Instead, pseudorandom binary sequences
(PRBS) are used to approximate randomness. PRBS provides a repeat-
able, deterministic pattern, enabling quick and accurate BER measure-
ments. PRBS are discussed in detail in section 4. To avoid the high
costs and time required to test with fully installed system transmission
lines, we use a variable optical attenuator. This attenuator intentionally
degrades the signal and its SNR, simulating the effects of signal loss over
distance, which allows for efficient BER, performance testing [59].

Factors affecting BER. of the system

Noise is a primary factor affecting BER performance, as it is inherently
random and defined statistically. Circuit noise is typically characterized
by a Gaussian probability density function. Quantization errors also im-
pact BER performance by introducing inaccuracies or ambiguities in the
reconstruction of the digital waveform. These errors are defined by a
probability function that estimates the likelihood of transition or edge
detection errors. They largely depend on the precision of digital-to-
analog and analog-to-digital conversion processes, which are influenced
by the number of bits used in these conversions. Additionally, the ac-
curacy of analog modulation/demodulation and the effects of filtering
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on signal and noise bandwidth further affect quantization errors. Re-
ducing noise power can be achieved by lowering the bandwidth, but this
is constrained by the Nyquist criterion, which dictates the bandwidth
needed to transmit the desired bit rate. Increasing the energy per bit
by raising transmission power is another option, though this reduces the
energy efficiency of the system. Alternatively, lowering the bit rate also
increases the energy per bit, but it reduces overall capacity. Ultimately,
optimizing the system requires balancing these factors or by introducing
some advanced signal processing techniques which are discussed in the
next section.

When high BER reduces a system’s reliability, several solutions can
be explored. The troubleshooting process begins by identifying the
source of errors—whether they are caused by circuitry or transmission
path issues. Decisions on corrective actions consider both effectiveness
and cost. Options may include hardware improvements, modifications
to the transmission environment, or selecting an alternative modulation
format. In some cases, software-based error correction can be applied,
a method used extensively in terrestrial and satellite communications.
While these techniques reduce BER, they often come at the expense of
lower data throughput and adding complexity [60,61].

5.2.2 Signal processing techniques

Link bandwidth is essential for system capacity, and pre-emphasis en-
hances it by reshaping pulses at the transmitter, amplifying high-
frequency components while reducing lower ones. This technique, often
implemented with a finite impulse response filter, optimizes signal fre-
quency response, improving performance beyond channel limitations [62].
Forward error correction (FEC) improves communication reliability by
adding redundancy bits to correct errors in noisy channels without re-
transmission. Although it introduces data overhead and complexity, ef-
fective FEC codes minimize redundancy while significantly enhancing
error correction. [63]. Line coding is a signal processing technique that
converts binary data into a format suitable for transmission, ensuring
properties like synchronization, DC balance, and error detection. This
method aids in maintaining signal integrity, minimizing degradation and
interference, and optimizing bandwidth for higher data rates. Addition-
ally, certain line coding schemes support error identification and correc-
tion, enhancing transmission reliability and efficiency [64]. A similar line
coding technique for error correction is explored in Paper A.
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State of the art and Future
work

This chapter presents an overview of recent advancements in the field,
highlighting key research in the data communication industry, with a
focus on developments involving 850 nm VCSEL technology. It also
explores future research directions and prospects, identifying potential
areas for further improvement in this domain.

6.1 Outlook of the technology

Significant advancements have recently been made in the field of short-
reach optical interconnects, as Vertical-Cavity Surface-Emitting Lasers
(VCSELSs) have seen substantial progress. VCSELs are now widely used
in consumer electronics and have attracted strong interest from the dat-
acom and telecommunications industries. Global efforts are underway
to enhance VCSEL-based optical interconnect systems to meet the high
demands of future Ethernet standards of 800 (Gigabit Ethernet) GbE
and 1.6 (Terabit Ethernet) TbhE. [65]

Since the invention of the VCSEL by Iga’s group in 1978 [66,67] and
the successful demonstration of room-temperature operation in 1988 [68|,
extensive research has expanded the capabilities of short-range VCSEL
interconnects.
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6.1.1 Datacom

The high modulation bandwidth of VCSELs makes them ideal for active
optical cables and transceivers. In 2002, IEEE introduced the P802.3ae
standard for 10 GbE [69]. In 2015, IEEE standardized the 100GBASE-
SR4 (IEEE P802.3bm), employing four 25 GbE VCSEL lanes to sup-
port 100 GbE applications [70]. In 2017, IEEE P802.3bs introduced
400GBASE-SR16, which utilizes 16 lanes of 25 GbE VCSELs to enable
400 GbE Ethernet links [71].

By 2020, lane data rates doubled to 50 Gb/s under IEEE P802.3cm
400GBASE-SRS, further increasing system capacity [72]. Recently, elec-
trical and optical single-lane interconnects at 50 Gb/s and 56 Gb/s were
standardized by IEEE 802.3bs and OIF CEI-56G-VSR. Additionally,
CEI-112G-VSR standards now support single-lane 100 Gb/s connections
for chip-to-module applications [73].

6.1.2 850 nm VCSEL transmissions

In 2001, a VCSEL with an integrated SiGe driver demonstrated a 15.4
GHz modulation response, achieving 20 Gb/s on-off keying (OOK) over
2 km [74]. In 2010, a record 23 GHz modulation bandwidth was reported
by Larsson’s group at Chalmers University of Technology and Bimberg’s
group at TU Berlin [75,76]. This enabled back-to-back (BTB) error-free
transmission at 40 Gb/s without forward error correction (FEC) [77].
In 2013, Larsson’s group demonstrated a VCSEL with a modulation
bandwidth of up to 28 GHz, capable of error-free transmission at 47
Gb/s [78]. That same year, P. Westbergh et al. achieved 57 Gb/s error-
free BTB transmission using an 850 nm VCSEL [78]. Also in 2013, Moser
et al. developed energy-efficient VCSELs with a power dissipation of
just 56 £J/bit [79]. In 2015, Larsson’s group set a record with a 30 GHz
VCSEL operating at a relatively low bias current [80]. Later that year,
Kuchta et al. achieved 71 Gb/s error-free NRZ transmission with an 850
nm VCSEL using two-tap feed-forward equalization [81]. In 2019, Huang
et al. demonstrated BTB error-free transmission at 54 Gb/s with a 4.23
nm aperture size VCSEL device [82]. Most recently, in October 2021,
Yang et al. presented a high-speed VCSEL with a record bandwidth of
32.4 GHz [83].

38



6.2. Future work and Research goals

6.1.3 850 nm VCSEL temperature performance

In 2016, C. Y. Wang et al. demonstrated back-to-back (BTB) error-free
NRZ transmission up to 85°C using a 29 GHz VCSEL [84]. In 2018,
Hsiao-Lun Wang et al. achieved error-free transmission at 43 Gb/s at
75°C and 42 Gb/s at 85°C with a 25 GHz VCSEL [85]. In 2019, Hsiao-
Lun Wang et al. demonstrated error-free transmission at 50 Gb/s at
room temperature using a 30 GHz VCSEL, along with error-free results
of 44 Gb/s at 85°C, 36 Gb/s at 100°C, and 30 Gb/s at 115°C [86], all
achieved without equalization or forward error correction (FEC). In the
same year, N. Ledentsov Jr. demonstrated 25 Gb/s transmission at
150°C using an 850 nm quantum dot VCSEL [87]. In 2020, Ledentsov et
al. further advanced this work, achieving 25 Gb/s transmission at 180°C
with an 850 nm quantum dot VCSEL [88].

6.2 Future work and Research goals

VCSEL-based short-reach optical interconnects have made significant
progress, advancing research in optoelectronics, fiber optics, and elec-
tronics. Recent developments in 5G technology and the approaching 6G
era suggest that this technology will continue evolving as more advanced
data centers are built to meet growing demands.

This thesis demonstrates areas where VCSEL-based optical intercon-
nects can further develop. Notably, there remains untapped potential in
850 nm VCSEL interconnects, as explored in Paper A. In this study,
the interconnects were enhanced to operate in real-time systems using
longer PRBS sequences, which better simulate real-world data. The
impairments caused by longer sequences were analyzed and addressed
through both simulations and experimental results. This research aligns
with advances from industry leaders like NVIDIA, who are developing
methods to improve system performance with long PRBS sequences, thus
addressing potential system issues. Future work on higher-order modu-
lation formats and performance at elevated temperatures holds promise
for continued advancement.

While much research has focused on optimizing VCSEL-based in-
terconnects, there is limited published work on high-speed large-signal
VCSEL transmissions across a broad temperature range. This range is
critical for applications in the defense, datacom, and automotive indus-
tries, as well as in radar systems requiring temperature tolerance. Paper
B addresses these needs, demonstrating transmission over a wide temper-
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ature range and comparing two distinct VCSEL designs. This research
will support the development of complete optical transceivers capable of
operating across a wide temperature spectrum.

Future work will focus on enhancing optical interconnects under
harsh operating conditions. The integration of high-order modulation
formats, advanced FEC, and equalization techniques will be key to push-
ing system performance further. Additionally, incorporating machine
learning into future systems could provide adaptability to varying oper-
ational conditions.
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Chapter 7

Summary of papers

Two papers are included in the thesis. Paper A deals with enhancing
the existing optical interconnects systems along with analyzing and im-
proving their performance with real time data. Paper B deals with the
system performance across wide temperature range. A summary of them
is presented below.

Paper A

Word Length Dependent Sensitivity Penalty in High Speed
VCSEL-Based Optical Interconnects,

Photonics Technology Letters, Volume: 36, Issue: 19, 1181 - 1184, DOI:
10.1109/LPT.2024.3451141, 2024.

In this paper, the challenge of receiver sensitivity degradation in
optical links driven by long pseudo-random bit sequences—a common
issue generally linked to imperfect low-frequency responses in the system
were analyzed and addressed. The focus was on vertical-cavity surface
emitting lasers (VCSELs) and how their high-frequency dynamics
interact with symbol rates that exceed their bandwidth. It was found
that certain short bit sequences within these longer streams were largely
responsible for increasing the power budget penalty. By modifying
these specific sequences, a successful mitigation of these issues was
made possible, enabling error-free transmission at high data rates
of up to 56 Gbps and elevated temperatures using 850 nm VCSELSs
without the need for equalization. This addresses a previously unsolved
problem, enhancing the efficiency and reliability of high-speed optical
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interconnects.

My contributions: I conducted both the measurements and simu-
lations with support from co-authors.

Paper B

High-Speed Transmission of 850 nm VCSEL Optical Intercon-
nects Across Wide Temperatures,
Submitted, 2024.

This paper presents advancements in optical interconnects using
two different designs of high-performance 850-nm multi-mode VCSELSs
that are analyzed and tested across extreme temperature ranges. As
transceiver proximity to integrated circuits increases in high-density
setups, maintaining performance under thermal stress becomes critical.
This study demonstrates record data rates, achieving 40 Gb/s at 115°C,
34 Gb/s at 125°C, and 25 Gb/s at 140°C without equalization or forward
error correction. These results mark a significant improvement over
previous benchmarks, setting new standards for VCSEL technology in
optical interconnects by enabling high-speed, error-free transmission
across challenging environmental conditions.

My contributions: I conducted the small signal and large signal
measurements across wide temperatures.
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