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Summary

The development and spread of cloud services is requiring data and resources to be
easily and quickly available. As most of these traffic is generated and/or processed
in data centers, the natural consequence is that they need to reach higher and
higher performances in order to keep up, being at the same time economically
and energetically viable. The introduction of Vertical Cavity Surface Emitting
Laser (VCSEL) in optical transmitters turned out to be precious, proving to be
a key technology enabler for high-speed short-range interconnects (i.e. for intra-
datacenter links below 200 meters). This particularly holds true for datacenters,
due to VCSEL low production costs, low power consumption and good modulation
capabilities compared to edge-emitting lasers (EEL). In this scenario, numerical
models become invaluable tools in order to simulate the behavior of transmission
systems, as they can provide indications of the performance-limiting factors and,
possibly, suggests optimizations and improvements.

This work aimed to create a numerical time-domain simulator of a VCSEL-based
optical TX-RX link, with most emphasis being put on the modelling of a VCSEL
as an optical transmitter.

Since coherent light emission in lasers is the result of the interaction between opti-
cal and electrical phenomena, a complete and accurate modelling of these devices
is not an easy task. Moreover, thermal effects have a relevant impact on VCSEL
performance, in terms of output power and modulation bandwidth. However in
this thesis, by making some approximations, it has been possible to obtain a simple
lumped model based on rate equations, that resulted efficient in its implementation
and at the same time accurate enough when compared to a real device.

First, static characteristics were studied and implemented: an analytical formula to
relate light output versus current input (PI curve) was derived for the steady state
and compared to the numerical solution of the rate equation, obtained using Runge
Kutta 4th order method. After that, simulation parameters were optimized in order
to get an output curve comparable to VCSEL measurements provided by OptiGOT
(a startup based in Goteborg, Sweden, that designs and produces VCSELs), so that
the subsequent simulations could be compared to those of real devices.

A dynamic characterization model was then implemented: the rate equations were
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linearized around a bias point and a small-signal analytical transfer function was
derived, which provided a validation of the numerical code (shown in Figure 1la).
The simulations were then compared to experimental results, again on OptiGOT
VCSELs. Misalignment between the simulated and the measured curves was at-
tributed to bandwidth-limiting effects of parasitics. After deriving an equivalent
circuit model for the VCSEL parasitics, their effects were modeled as a low-pass
first order filter. The addition of parasitics to the small signal response provides a
better fit to the measured curves, anyway leftover inconsistencies suggests the need
of a more complex equivalent circuit.

Third step was the implementation of the Relative Intensity Noise (RIN) model:
even in absence of modulation, real devices show fluctuations in the output power
due to spontaneous generation and recombination of carriers and photons. These
variation are quantified by the RIN. In our numerical model, RIN is implemented
by adding two Langevin noise terms (one for the carriers and one for the photons) in
the rate equations. The resulting output was compared to the available analytical

formula and coherence between expected and simulated results was proven (Figure
1b).
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Figure 1: Dynamic characteristics at different bias points - Full line is the analytical
curve, dots report the numerical results

After having verified the consistency of the model, a simplified communication
link was simulated, to evaluate the performance of the device under large-signal
modulation. First, a binary PAM-2 (NRZ) modulation was considered. Simula-
tions were done using random sequences and choosing suitable current levels, the
modulated input current was generated, filtered and input to the VCSEL. The
numerical solution of the rate equations provides the evolution in time of VCSEL
instantaneous output power, as shown in Figure 2. Initial attempts on PAM-4
modulation were also undertaken.
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Figure 2: Eye diagram of VCSEL output power (PAM-2 NRZ modulation)

Last, laboratory tests on VCSELSs were performed: DC characteristics, electrical
S-parameters and spectrum were measured and then are reported, together with
the setups used in the various tests. Even though no on-wafer measurements were
performed, a quick overview of the process is described for future reference.

Considering the work done, improvements can still be made: as regards the VC-
SEL model, the inclusion of thermal effects can better approximate device behavior
at higher currents, while a more accurate description of parasitics could provide
accuracy improvements in terms of bandwidth capabilities. Regarding the trans-
mission link implementation, Bit Error Rate (BER) evaluation should be the next
step, after accounting for receiver noise and fiber effects on the transmitted signal.
Nonetheless, accounting for the approximations described at the beginning, the
implemented model provided consistent results both with analytical formulas and
measured data, together with good simulation times. If paired with measurements
on real devices, it can be optimized to provide a good base model to simulate VC-
SEL behavior under large signal modulations and develop more articulated TX/RX
schemes.
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Chapter 1

Introduction

Today it is very hard to imagine everyday life without Internet, as more and more
activities take place online. Behind the apparent user-friendliness of most appli-
cations lies a huge interconnection network that must be capable of handling the
transfer of ever increasing amounts of data. While fixed networks were historically
based on copper, fiber optical communications quickly became a fundamental as-
set, mainly for two reasons: much higher capacity and much smaller losses and
attenuation with respect to copper cables. To have an idea of the huge potential of
fiber optics for telecommunications, it is enough to think that the first transatlantic
optical cable was put in place in 1988, TAT-8, carried 280 Mbit/s. 30 years later, in
February 2018, MARFA, a transatlantic cable funded by Microsoft and Facebook,
began its operations, allowing transmission speeds of up to 160 Thit/s (8 fiber pairs
at 20 Thit/s) and in 2019 a team of researchers achieved speeds of 26.2 Thit/s on
the same cable [1]. At the same time, ongoing development and spread of cloud
services is requiring data and resources to be easily and quickly reachable, leading
to the expansion of datacenters, both in number, dimensions and, most important,
network capacity; Cisco estimates that 20.7 ZB of traffic will cross data centers in
2021 (Figure 1.1).
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Figure 1.1: Datacenter traffic growth [2]

Clearly, this increase in traffic capacity goes hand in hand with higher and higher
bitrate requirements: by taking a look at the Ethernet standard roadmap in Figure
1.2, current trends aim to 100 and 400 Gbit/s, but 800 Gbit/s and 1.6 Thit/s are
already planned, with release expected in the 2020-2030 decade [3].
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Figure 1.2: 2019 Ethernet Roadmap [4]

It goes without saying that copper transmission capabilities can hardly keep
up, making fiber optics interconnects the main reasonable choice for short-reach
links. In this scenario there is therefore a need also for transceivers with minimum
footprint, low-cost, energy efficient and capable of managing higher and higher

bitrates.
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Introduction

The work of this thesis aims to create a software simulator that emulates a high-
bitrate short-range communication system, in order to analyze its performance
and optimize its parameters. Most emphasis is placed on the implementation of a
VCSEL-based transmitter, whose creation, development and implementation as an
optical transmitter made it one of the key technology enabler for high-bitrate short
range communications.

1.1 A short introduction to VCSEL

Vertical Cavity Surface Emitting Lasers (VCSEL) are a family of diode lasers that,
as the name suggests, emit light vertically (orthogonal to the wafer surface). VCSEL
is a relatively recent invention, as it was created in 1979 by Prof. Kenichi Iga [5],
but since then research and development on these devices has achieved huge leaps
forward. Room temperature operation was obtained in 1984 [6], while in 1988 the
first continuous wave (CW) device working at room temperature was demonstrated,
emitting at 850 nm. In the middle of the 1990s Honeywell became selling the first
commercial products [7]. Today, VCSEL proved to be a versatile technology in a
variety of sectors and applications, such as:

o Computer mice sensors

o Proximity sensors

« Automotive applications, for example LIDAR [8]
 Atomic clocks [9, 10, 11]

« Laser printers [12]

« Medical applications [13, 14]

 High-power applications [15]

« Data centers

It is estimated that 1 billion VCSELs have been shipped up to 2013, furthermore
the introduction of facial recognition capabilities in smartphones has led to a huge

increase in production [16]. Global revenues for the VCSEL market are expected
to reach $ 1 billion in 2022.

1.2 VCSEL: main building blocks

The description of the main working mechanisms of a diode laser is of great help in
order to understand how VCSELs work. Diode lasers are basically made of a gain
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1.2 — VCSEL: main building blocks

material embedded into a resonant cavity. To understand how the gain material
works, it is useful to have a basic idea on the energy levels associated to the electrons
in the gain medium. Considering a simplified model, we can say that electrons can
occupy either a valence or a conduction band, with the conduction band having the
higher energy. Three main types of transitions between the two bands exist:

« aphoton with energy ¥ ~ E5;— FE; can be absorbed by the system and stimulate
an electron to move from the lower to the higher energy band, creating a hole
in the valence band

o an electron in the conduction band can spontaneously recombine with a hole
in the valence band, causing the emission of a photon with random direction
and phase; this is called Spontaneous Emission

 an incident photon can cause the recombination of an electron-hole pair with
the consequent generation of another photon, with the same direction and
phase of the incident one; this is the main mechanism of light generation in
lasers and is called Stimulated Emission.

| Energy level: E, | | Energy level: E, | | Energy level: E, I
Spontaneous E(>
hk Absorption |I> h& Stimulated emission
Emision v >
Energy level: E; | | Energy level: E; | | Energy level: E; I

Figure 1.3: Generation and recombination mechanisms

As stimulated emission is the desired process for lasers light emission, there must

be a way to replace the carriers that are being recombined to generate photons, in
order to keep the process going. This is obtained by pumping the gain material
with an external energy source, i.e. an electrical current.
In order to maximize the probability of carrier recombination and stimulated emis-
sion, the active region is sandwiched between p- and n-type cladding layers, forming
the so-called Double-Heterostructure (DH). In this structure, the energy gap be-
tween conduction and valence band in the cladding material is higher with respect
to the one of the active region, so light generated in the active region will not be
absorbed in the cladding, as it has a lower energy; in this way, most of the injected
carriers recombine in the active region to form photons. Moreover, typically the
active region has a higher refractive index with respect to the p- and n- layers, so
a dielectric waveguide is formed. By adding mirrors at the ends of the waveguide,
it is possible to obtain optical feedback, hence the cavity is formed.
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The choice of materials for active region and cladding is not trivial: besides the
considerations on the refractive index, the two materials must also have the same
crystal structure, in order to epitaxially grow thin defect-free layers of one ma-
terial over the other. Defects, in fact, cause non-radiative recombinations, i.e.
electron-hole recombinations emitting energy in form of heat instead of photons.
Non-radiative recombinations must be kept as low as possible, since they reduce
the number of the injected carriers that could otherwise give light emission. To
make some examples of materials used, in 700-900 pm lasers AlGaAs alloy is grown
on GaAs substrate (the cladding). while for long distance lasers InGaAsP /InP
systems are used [17].

There are mainly two varieties of diode lasers, the already mentioned VCSELs
and the Edge Emitting Lasers (EEL), differing in the way they emit light, as their
name suggests. EEL emit light longitudinally to the quantum well, this means that
the resonant cavity can be obtained by cleaving the wafer longitudinally to the
active region. For VCSEL, instead, mirrors have to be epitaxially grown below and
above the quantum well, so that vertical light emission is obtained.

a DBR is essentially a structure made from multiple layers of materials with
varying refractive index. Reflectivities higher than 99% can be achieved with a
proper design (thickness of each layer must be a quarter of the chosen wavelength)
and choice of materials, as reflectivity also depends on the refractive index difference
between the high and low index material according to

- (1.1)

Typically, 20-30 layer pairs are used to get high reflectivity, with the lower mirror
having more (light should get out mostly from the top aperture). Considering that
the active region dimensions are typically in the order of magnitude of A, it becomes
clear that most of the VCSEL volume is dedicated to the mirrors. New techniques
are being studied to overcome this problem, like dielectric DBR, offering higher
refractive index contrast [18] Qui dire qualcosa sui contatti e sull’apertura

1.2.1 VCSEL vs EEL

1.3 VCSEL in telecommunications

As regards the use of VCSEL in telecom, two major applications can be distin-
guished, optical transmitters and active optical cables; both targeting short-link
(100 to 300 m) data communications and storage area networking (SAN), together
they account for the largest market share for VCSELs.

It is possible to list the main features that made VCSELs the predominant choice
for optical trasmitters, some of which were already described in 1.2.1:

o low threshold operation;
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1.3 — VCSEL in telecommunications

p-contact
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Figure 1.4: Schematic cross-section of a VCSEL [19]
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Figure 1.5: Section of EEL and VCSEL

relatively small temperature variation impact on wavelength and thresholds;
high-speed modulation capability;
long device lifetime;

high power conversion efficiency (higher than 50 % [21]), defined as the ratio
between optical output power and electrical input power;
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Edge Emitting Laser (EEL) VCSEL

Light parallel to quantum well Light orthogonal to quantum well
Non-circular output beam Circular output beam

No on-wafer testing On-wafer testing

Longitudinal multi-mode Longitudinal single-mode

Larger active volume, leading to | Smaller active region, lower output
higher output power power

Table 1.1: Edge Emitting Laser vs VCSEL [20]

« easy coupling to optical fibers due to vertical light emission;

e low cost chip production, since a number of laser devices can be fabricated
and tested on a single wafer

« casy bonding and mounting;

 cheap modules and package cost (standardized packages exist, often derived
from LED).

Wafer integration also facilitates the creation of VCSEL arrays like the one shown in
Figure 1.6b, simplifying the fabrication of parallel optical interfaces to reach higher
bitrates. Aforementioned Ethernet standard, provides several examples of parallel
solutions, such as 100GBASE-SR4 (10 parallel links at 10 Gbit/s) or 400GBASE-
SR16 (16 x 25 Gbit/s), all typically implemented using VCSEL-based transmitters.
Besides Ethernet, at least two other standards for data transmission are worth
mentioning;:

e Infiniband, targeting High Performance Computing (HPC) applications [22]

o Fibre Channel, an high-speed data transfer protocol mainly addressed to Stor-
age Area Networking (SAN) [23].

1.3.1 State of the art

Most VCSELs today operate at 850 nm wavelength [24] and devices capable of 56
Gbit/s with NRZ modulation are commercially available (e.g. VI-Systems V50-
850C).

With the help of electronic equalization, rearchers managed to reach 70 Gbit/s
at room temperature on commercial devices [25]. Higher-level amplitude modula-
tion formats can provide higher bitrates in exchange for the need of larger power
budgets. Using PAM-4 modulation, 60 Gbit/s operations have been demonstrated
[26], while with the help of DSP techniques at receiver 112 Gbit/s transmission over
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1.3 — VCSEL in telecommunications

. ) @) @A)

[ dededad

(b) VCSEL array

(a) Single VCSEL

Figure 1.6: VCSEL configurations

100 m has been obtained [27]. Recently, researchers have been moving to higher
wavelengths, particularly the 980-1060 nm wavelength range[28, 29] seem to show
new possibilities in this field. The advantage of higher wavelengths is an impor-
tant reduction in loss and chromatic dispersion of the optical fibers. Moreover,
Shorter Wavelength Division Multiplexing (SWDM) becomes feasible: using VC-
SELs working at different wavelengths, independent data streams are multiplexed
on the same fiber. It is basically a shorter-wavelength version of CWDM (Coarse
Wavelength Division Multiplexing), with the advantage of using VCSELs as trans-
mitters, thus reducing costs. [30, 31]. Feasibility of 400 Gbit/s and beyond has
been demonstrated [32]. Commercial products already exist, for example FINISAR
sells a transceiver capable of 100 Gbit/s over 100m (4 x 25 Gbit/s), whose block
diagram is shown in Figure 1.7. Future high-speed interconnects will also need to

QSFP28 It
4x25G CAUM4 40 4 (2] e
Electrical Input VCSEL d
Driver %] ¥ 100G
| Optical Output
f E (LC connector)

VCSELs
pController

XNW

PIN1 100G
o Optical Input
= 425G CAU4 49 ] = _—
:-_ Electrical Output—| % 4X TIA PIN3 c|\
< [ <

Figure 1: Block Diagram of a 100G SWDM4 QSFP28 Transceiver

Figure 1.7: SWDM4 Transceiver Block Diagram [33]

be extremely energy efficient, both from an economical and environmental point
of view: the United States Data Center Energy Usage Report estimates that the
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cumulative power usage for US data centers will reach 73 billion kWh in 2020 [34].
Currently deployed VCSEL consume around 25 pJ/bit, most of which used for
driver electronics [35], but feasibility of future high-speed interconnect will require
the link energy consumption to be dramatically reduced to 1 pJ/bit [36]. Research
in this direction has shown promising result, managing to get 100 fJ/bit energy
dissipation [37].

1.4 Motivations for this thesis

Given the above, it is evident that numerical simulations have become critical in-
struments for the analysis and the optimization of high-speed devices and must be
able to provide accurate predictions of what will happen in a real scenario. Even
though exact characterizations for static and small signal VCSEL behavior [17, 38|
exist, the simulation of realistic use-cases such as high bitrate communication sys-
tems requires a reliable and, as far as possible, modular numerical toolbox. Several
VCSEL simulators have already been proposed in literature [39, 40] while commer-
cial products are available on the market, including LaserMOD [41] from Synopsys
and PICS3D [42] from Crosslight Software.

Anyway, the choice of creating a model "from the ground up" has several advan-
tages:it allows both to obtain an adequate understanding about the theoretical
concepts on which VCSELSs are based and, based on that, to estabilish the limita-
tions and the potentialities of the simulated model.

1.4.1 Thesis outline - WORK IN PROGRESS

Chapter 2 introduces the theoretical model on which the simulator is based, starting
from two rate equations that describe the interaction between photons and carri-
ers. Static and dynamic characteristics are then simulated (PI curve, Small Signal
modulation and Relative Intensity Noise), also analyzing the effect of parasitics on
the device performances. After that, a relatively simple digital modulation chain is
implemented, using the VCSEL as an optical transmitter; Chapter 3 describes the
various blocks of the chain and the performance obtained using binary (PAM-2)
and multi-level (PAM-4) modulation. Chapter 4 reports laboratory measurements
done on VCSELSs. Setup and results are discussed for DC characteristics, electrical
S-parameters and power spectra. In the end, Chapter 5 draws the conclusions and
draws the path for future improvements and works.
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Chapter 2

VCSEL modelling

After the short description of the VCSEL "main ingredients" in Chapter 1, it be-
comes clear that a complete simulation of the VCSEL behavior is not an easy task,
as it is at the same time an electrical and optical device. The two fields cannot be
treated separately, as light emission is the result of the interplay between electrical
and optical phenomena. This simulator, addressing mainly large-signal modulation
applications, takes into account some compromises in order to maintain reasonable
execution times but at the same time obtain realistic simulation results.

The model used only describes the rates of change of carriers and photons in the
active region; moreover, the spatial dependency of these variables is removed, con-
sidering constant densities over the active region volume. In reality, the photon
density varies spatially as the square of the optical mode field due to the waveguid-
ing of the cavity, which causes the stimulated emission rate to vary accordingly [38].
The spatial nonuniformity of the stimulated emission rate results in an overdamp-
ing of the relaxation resonance frequency, which reduces the bandwidth [43].In real
devices, thermal effects play a fundamental role, as most of the parameters that
will be described in the following are temperature-dependent and impact on the
VCSEL behavior in several ways, some of which are discussed in the following. At
least the initial versions of the simulator do not consider thermal effects and this
must be kept really clear in mind when discussing the simulation results. Having
done all these premises, the interaction between carriers and photons in a single
mode VCSEL can now be approximated ([17]) using a system of two rate equations

dN Iin f

i (AN + BN? + CN?) — v,gN, (2.1)

dN, N,

d—tp =Tv,gN, + TSBN? — T—p (2.2)
p

describing, respectively, the variation of carrier (N) and photon (NN,) density over
time.
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VCSEL modelling

In Equation 2.1, a generation and two recombination terms can be distinguished:
e 1;1;,/qV represents carriers generated by the input current; here

— n; is the injection efficiency, that is the fraction of input current that
generates carriers;

— I;;, is the input current;

— q is the elementary charge;

— V is the volume of the active region.

o the second term, AN + BN? + C'N3, includes spontaneous and nonradiative
carrier recombinations, where

— A is the non-radiative recombination term:;
— B is the radiative bimolecular recombination term;

— (' is the Auger non-radiative recombination term.
e vygN, is the stimulated recombination term, where

— v, is the group velocity
— g is the optical gain
— N, is the photon density.

In Equation 2.2 photon density increase is accounted through

« the spontaneous emission term I'3BN?2, in which I is the confinement factor
and [ is the spontaneous emission factor.

o the stimulated emission term I'vgg N,

The presence of I" in the first two terms is explained by the fact that, as the volume
occupied by photons (V) is usually larger than the one occupied by carriers (the
active region), the resulting photon generation will be proportional to I' = V/V/,.
The g factor, instead, indicates the fraction of the total spontaneous emission going
into lasing mode.

The last term in 2.2, N, /7, indicates the photon decrease in the cavity through the
photon lifetime term 7, is the photon lifetime, that accounts for mirror and cavity
losses.

As already seen in Section 1.2, gain must overcome losses in order to emit coher-
ent light,, thus reaching threshold. It is possible to express the gain necessary for
coherent emission by taking Equation (2.2) and assuming steady state conditions
(dN,/dt = 0). Assuming that only a small fraction of the spontaneous emission is
coupled into the mode (small 3) allows to neglect the third term and to obtain

1
Fvggth = ? (23)

p
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The term I'gy, is the modal gain It must be noticed that the steady-state gain
for a laser above threshold is equal to the threshold value (i.e. g(I > i) = gwm),
otherwise the field amplitude in the cavity would keep increasing, thus violating the
steady state assumption. It has been shown that gain is dependent on the carrier
density [44], and this relationship can be approximated [17] by using

. (N +Ny)

g(N) = gq l"m (2.4)

, where g, is an empirical gain coefficient, N, the transparency carrier density (i.e
g(N = Ny,) = 0) and N; is a shift term in order to get finite logarithm at N = 0.
By restricting the attention to positive gains (g > 0), a valid approximation can be
obtained with just two parameters, using the function

o) =0 n () (25)
in which gq is the gain coefficient and Ny, is the transparency carrier density.

For this work, Dr. Pierluigi Debernardi provided gain curves [45] that were com-
puted using the VENUS multiphysics simulator [40]. Based on these, parameters
of equation 2.5 were extracted using a least square fit. Figure 2.1 shows the com-
parison between the provided curve and the resulting fit. At high photon densities

7000 .
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5000 |-

aN

o

o

o
T

Gain [1/cm]
w
8
o

2000 +

1000

0 ' 1 1 1 1 1
2 4 6 8 10 12

Carrier density [1/cm?] x10'8

Figure 2.1: Gain fit

gain is compressed due to carrier heating and spectral hole burning ([38]), this can
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be taken by rewriting (2.5) as

g(N)
1+eN,

g(N, Np) =

where ¢ is (2.5) gain and € is the gain compression factor.

2.1 Static characteristics

An analytic expression can be constructed to get the output power versus current
above threshold. Considering a below threshold situation, in which stimulated emis-
sion can be neglected, and assuming steady state condition (dN/dt = 0), Equation
(2.1) can be rewritten as

nml N
= 2.7
vV T (2.7)
that almost at threshold will become
il N,
Midth — th (28)
v T
By substituting (2.8) in (2.1), it results that
dN (I — L)
EX )y gN 2.9
dt qV VggiVp ( )
From (2.9) it is now possible to obtain a steady-state photon density as
(I — 1
= L) (2.10)
qUgginV

By considering the energy in the cavity, where h is the Planck constant and v
is the VCSEL central frequency, and, the power..., the output power becomes

NpVy

Tp

Py = nohv (2.11)

The factor 7y is the optical efficiency, and it defines the fraction of power that is
output from the laser aperture. In Figure 2.2 it is possible to observe a typical PI
curve for a VCSEL; curves for different temperatures are shown, so thermal effects
are evident, particularly power roll-off, increase of the threshold and decrease in
slope efficiency (output power vs. input current).
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Figure 2.2: PI curve of a VCSEL with 4 pm active diameter [46]

The rate equations were solved using the Runge-Kutta 4th Order Method

Parameter Value Unit
7; 0.9 .
o 0.52 o
1% cm?
Te 3.8% 1079 S
B 7.6x 1071 cm?/s
C 151073  cm/s°
Uy 9.08 %107 m/s
9o
Ny, cm

€ cm?
r 0.03 .
T 2.2% 10712 S
B 1%107* .

Table 2.1: List of parameters used in the simulations

After simulating for currents from ... to ....
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Figure 2.3: Carrier and photon densitiy over time

2.2 Dynamic analysis

Although DC characteristics provide a good measure of the power output capabil-
ities, the simulator aims to describe VCSEL usage as an optical transmitted, that
means modulated using large signals. It is therefore important important to char-
acterize the dynamic performance of the device and its speed-limiting factors. The
first step in this direction is to get a simplified version of the rate equation that
output the VCSEL frequency response when lavora intorno a un punto di lavoro.
e ottenere una versione semplificata delle rate equations che ci dia la risposta in
frequenza del VCSEL che lavora intorno a un punto di lavoro A dynamic analysis
of the interaction between photons and carriers requires to analyze time derivatives
of the rate equations; no analytical solution exists, anyway some approximations
can be made when dynamic changes of N and N, are small with respect to the
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steady-state value, that is

N = Ny + 6N (2.12)
N, = N,, + 6N, (2.13)
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. where the subscript 0 indicates the steady-state value. Taking the derivatives of
Equations 2.1 and 2.2 it is possible to get ([17])

d|—| = dl — — — dN, — N,v,d 2.14
ldt] qV AN VggaiNy pUgayg ( )
dN. 1 T

d [Ci;)‘| = [Fvgg — 7"| de —+ NpF/Ugdg + T/AN dN (215)
P
where
1 1
—— =A+BN*+CN*  —— =2BBN (2.16)
TAN TAN

Moreover, assuming that gain variation depends by carrier and photon density
variations, it is possible to write

dg = adN — a,dN, (2.17)
where
dg 9o ( N ) —0dg €g
“TON T 1+enN, "N, TN, T 1+eN, (2.18)
After defining the rate coefficients
1 1 R,
INN = AN + vgalNy, INP = TTP - N: — VgaplNp (2.19)
r I'R,,
vpn = —— + 'vgah, Ypp = +T'vga,N, (2.20)
TAN Ny
Equations 2.14 and 2.15 become
d i
—(dN) = —dI — dN — dN, 2.21
dt( ) qV TNN YNPANp ( )
d
a(de) = "}/deN — ’}/ppde (222)

The previous definition of the rate coefficients 2.19 allows to write the differential
rate equations in a matrix form,

d |dN —YNN  —np| | AN ni |dl
— = — 2.23
dt [de] [ vYen  —7Ypp| |dN, * qgV |0 (2.23)

Equation (2.23) is useful since the VCSEL response is expressed in terms of a
forcing term, that in this case is the current. This formulation will be useful in
the modelling of noise where, instead of the current term, two noise sources will be
used, one for carriers and one for photons.
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2.3 — Small Signal Frequency Response

2.3 Small Signal Frequency Response

Let’s consider the application of a small sinusoidal current over the bias term I,
such that I} << [y with I; being the amplitude of the AC signal.The resulting
carrier and photon densities should vary accordingly. By writing the derivatives in
complex frequency notations,

dI(t) = L™ (2.24)
dN(t) = Nyl (2.25)
dN,(t) = Ny el (2.26)

Setting d/dt = jw, Eq. (2.23) can be rearranged as

YN o e 1 [M] _mily H (2.27)

—vpn  Ypp +jw| | Np qV

The small signal carrier and photon densities can now be obtained by using the
Cramer’s rule

nli 111 np
Ny = — . 2.28
YTV A0 et gw (2.28)
nili 1 \ywn +jw 1
=— — 2.29
PE gV Al ey 0 (229)
(2.30)
where A is the determinant of the leftmost matrix in (2.27)
—YpPN PPt JW
_ 2 ;
= ynpYPN — W + jw(ynN + YPP) (2.32)
After the expansion of the determinant, the small signal solutions will be
nili ypp + jw
Ny = . H 2.33
1 qV w}Q% (w) ( )
nili ypN
N, = —H 2.34
=0 ) (231

where the modulation response is expressed in terms of the modulation transfer

function

Wh

H(w) = — 2 |
wp — w* + Jwy
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Here wg is the relaxation frequency and ~ is the damping factor, and can be asso-
ciated to the previous parameters as

wp = vpyen + ywny PP (2.36)

Y =NN + PP (2.37)

Basically, the VCSEL small signal frequency response is that of a second order
low-pass filter, and an example is shown in Figure 2.5.
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Frequency (GHz)

Figure 2.5: Small signal modulation response for a real device at different currents

By expanding the rate coefficients according to 2.19, the two parameters char-
acterizing the transfer function can be rewritten as

UJIQ% _ UgaNp n [Fvgapr + FRSP ] (1 _ T/AN> + — 1 (2.38)
T TAN NpTAN TAN TANTp
Ta 1 'R
_ N 1 D sp 239
ol Ugap[—i-a] TAN+Np ( )
where
5 Ia,
K = a2 [14 1% (2.41)
a
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Figure 2.6: Simulated Small Signal Response. Dots represent the simulation output,
while full line is the analytical curve

Even after fitting the simulation output to the measured data, there is still some
mismatch between the two curves. One possible explanation is the presence of
parasitics in the VCSEL structure, described in the next section.

2.4 Some hints on parasitics

The design and manufacturing of high-frequency devices must pay great attention
to parasitics, as they will inevitably limit the modulation bandwidth. In most cases,
it is desirable to minimize the parasitics in order to go as close as possible to the
intrinsic bandwidth.
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A possible model describing VCSEL parasitics is the equivalent circuit shown in
Figure 2.7 In this circuit:

Pad Chip
_ parasitics __parasitics
z, . An i
—W—— W
v o "pl::Cp "cl == ial%Rj
Probe Metal Active
tips contacts region

Figure 2.7: Small signal model including driving source - the grey area represents
the VCSEL [38]

o V, and Zj are the driver voltage and its characteristic impedance
« () is the pad capacitance
« (), is a combination of the oxide layer and the active region capacitances

e R, is the mirror resistance

e I; is the junction resistance, representing the intrinsic laser

The driving current ¢4, due to the various effects listed above, is diverted from
entering the laser due to i, and ¢.. The resulting effect on the modulation can be
described through a The overall impulse response of a VCSEL can be written as
the transfer function from the voltage source to the current flowing to the intrinsic
laser

He:vt<w) - o (243)
s
and can be approximated as a single-pole low-pass filter
Howo(w) ! (2.44)
ex w - - .
! 1+ jw/wo
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2.5 — Noise Analysis

where wy is the parasitic roll-off frequency. The overall frequency response can now
be written as

Pyut
Hw) =~ 2.45
=2 285
= ezt(w)Hint(W) (246)
1 w?
x - 2.47
(1 + j (w/wo) (w? — w?)® + jwy) (247)
where H;,;(w) is the intrinsic VCSEL response (Equation 2.35).
The input impedance of the VCSEL can be expressed as
R T
Z = | j2nC, ! Ry, 2.48
veseL (‘7 : p+<1+j27rfCaRj+ ) ) (248)

When measured electrical parameters are available, it is possible to fit the Sy, curve
to the VCSEL impedance through

Zycser — Zo
o Zyeser + 2o (2:49)
and from there find the circuit parameters.

Going back to the previous curves, it turns out that a good fit is obtained setting
fo = 22 GHZ, even though a perfect match is still not obtained (Figure 2.8).

This can be due to the model chosen to describe the parasitics (Figure 2.7) that
neglects possible inductive effects in the device [38]. Future work on the simulator
could address this problem by using a more complex equivalent fit, like the one
described in [10]. The effects of adding the single pole filter to the overall transfer
function are shown in Figure 2.9.

2.5 Noise Analysis

Up to now, the assumption was that the output responses were only caused by the
input current, so that in the steady state carrier and photon densities remained
constant. In real devices, even when no current is applied, there are spontaneous
random generations and recombinations of photons and carriers; these phenomena
must be taken into account in the model, as variation in photon density cause
fluctuations in the output power. A useful quantifier of this effect is the Relative

Intensity Noise (RIN) of the VCSEL, expressed as
(6P (1))
£y
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Figure 2.8: Filtered small signal response vs. measured curve

The numerator of the fraction (describing output power fluctuations) can be easily
described in the frequency domain, in fact using
+o0 .
SP(w) = / SP(t)e Tt dt (2.51)

—0o0

it is possible to write
1 +oo “+o0o Nk ok .w7w/ ,
(6P(1)?) = P /_ ) /_ (PP )V F@)F () e dwdu (252)

where F'(w) is the filter used to analyze the signal. Assuming completely random
noise,

(6P(w)dP(w)*) = Ssp(w) 2m0(w — w') (2.53)
. Using 2.53, after some substitutions (2.52) becomes
(6P(t)%) ~ Ssp(wo)2Af (2.54)
34



2.5 — Noise Analysis

Slmalll Signal |

10

Pout/dl [dBm]

—— Unfiltered
— Filtered

-15 e
10° 101

Frequency [GHZ]

Figure 2.9: Small Signal Response - comparison after adding parasitics

RIN can be then rewritten in terms of spectral density of the noise as

RIN  2Ssp(w)
AF T (2.55)

that is the RIN per unit bandwidth. Full RIN is found by integrating (2.55) over
the bandwidth of interest.

To find fluctuations in the output power spectral density, two white noise sources,
Fn(t) and Fp(t), are used. Assuming Fy and Fp small enough (in order to use
differential rate equations) and dI = 0 (constant drive current), equation 2.23

becomes
d dN —YNN NP dN FN@)
- — 2.56
it lde] l von —ep] (AN, T | Fo(t) (2.56)
By rewriting the previous equation in the frequency domain, according to ,
NN+ Jw  Inp Ni| _ nilh |Fy(w) (2.57)
—ven  Ypp +Jw| [Np1 qV | Fr(w) '
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Now Ni,N,1,Fn and Fp are the noise component fluctuating at frequency w. The
interest here is in finding the spectral density of both carrier and photons, i.e.

Sw(w) = 21 [N

Sp (@) = 5 [ (Npr(@)Npa ()"}

After some calculations, one finds

vw) = P [ o) — dvme (o) + (13 + ) (B )] (259

|H(w)[*

1
Wr

S, (W) = [(Vew +02) (FpFp) + 29wn1pn (Fp ) + vha (Fiv Fiv)|

(2.59)
In Equations 2.58 and 2.59, the terms (F;F}) are the Langevin noise source spectral

densities. It can be shown ([17, Appendix 14]) that if N,V,, > 1 these terms reduce
to

(FpFp) = QFR’Spr (2.60)
(FNFn) = 2R, N, /T — vggN,/V +n; (I + Ip) /qV* (2.61)
<FPFN> = —QRISPNP + Ugng/‘/p (262)
Power spectral density above threshold can be expressed as
a; + ay w?
Ssp(w) = hv P, [1W42|H(w)|2 + 11 (2.63)
R
where
8m(A P 1 (1 + 1,
o = h’/)STO 2 Owév( +th)_1]
v TAN I
81 (Av)srFPo Ta
as = I —2n w%—p
Finally

RIN 2hv [al + as w?

- ] 264

2
Wr

2.6 Conclusions
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Figure 2.11: Analytical RIN vs. rate equations
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Chapter 3
Large signal modulation

In Chapter 2 it was proven that the numerical simulator shows both outputs corre-
sponding to the expected (analytical) ones and similar characteristics (up to some
extent) as a real one. As already stated, VCSEL-based optical communication
systems work under large-signal modulations. So the following step was the imple-
mentation of a large signal modulation system.

Short-range optical interconnects typically implement Intensity Modulation/Direct
Detection (IM/DD) schemes to transmit informations. The term Intensity Mod-
ulation refers to the transmitter, where the information bits are encoded as in-
stantaneous current level variations that a VCSEL transforms into variable output
power, to be sent on the fiber. As regards the receiver, here a photodiode converts
the received power directly to an electrical signal (hence, Direct Detection), that is
then amplified, low-pass filtered and sampled. The received samples, at this point,
are input to a decision circuit that implements decision by threshold. In Figure
3.1, the main components of an IM /DD systems are highlighted

Optical Ontical
{ Input bits HModulator X FI‘).EC&
(VCSEL) Lot

Photodiode
+ Elec-
trical
amplifier

Figure 3.1: Block diagram of the implemented modulation scheme

In the simulator, a simplified version of an IM/DD system was implemented,
shown in Figure 3.2. The starting point is the generation of sequences of bits called
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PRBS i
- Modulator Gaussian VCSEL H RX Filter }
sequence Filter

Figure 3.2: Block diagram of the implemented modulation scheme

Pseudo-Random Binary Sequences (PRBS). The peculiarity of these sequences is
that they have statistical characteristic that make them "look like" real random
sequences. Zeros and ones are then modulated using chosen current levels. At
this point, attention must be paid: since the implemented model does not include
thermal effects, the current levels must be chosen with care. The VCSEL described
by the parameters used in the simulation will have power roll-off above a given level
of input current, which will not be considered by the simulation. This means that
if currents levels are selected in the roll-off region, the simulator will provide results
that are incongruous with a real scenario.

At this point the simulated input current is practically a piecewise constant function
with two values (the two current levels chosen), but with vertical transitions from
one level to another. In a real scenario, this would have no physical meaning since
that would imply zero rise and fall time in the real modulated current. This is of
course impossible, and to avoid it the signal must be filtered. For this purpose, a
Gaussian filter was used, since it can be easily implemented in software and it can
be proven that it has no overshoot for a step function input. Its input response can
be written as

hoanet) = ——— (57) (3.1)

where 0 = /In(2)/2x BT, in which B is the 3 dB bandwidth (one-sided) of the
Gaussian filter and T is the bit period [47]. In order to maintain modularity in the
simulator and allow attempts at different bitrates, the bandwidth of the filter was
set as B =1T/3.

Now the current is ready to be input to the VCSEL, whose output power is obtained,
again, by numerically solving the rate equations. From Figure 3.1 the subsequent
blocks should be the optical fiber followed by the photodiode, anyway the choice
was to only consider the receiver filter, in order to check the effect of RIN on the
received signal. It was implemented as a 4th order Bessel Filter, with a cutoff
frequency of 0.7 R, where R is the simulation bitrate.

After having introduced the complete implemented scheme, results for PAM-2 and
PAM-4 modulation are reported.
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3.1 — PAM-2 (NRZ) modulation

3.1 PAM-2 (NRZ) modulation

One of the simplest modulation format is the two-level pulse amplitude modulation
(PAM-2), where ones and zeros are represented by two current levels. Here, the
low-level bias Iy was set to 2 mA, in order to work above threshold and so to avoid
turn-on delays in the VCSEL, while the high-level current [, instead, was set to
6mA to avoid roll-off effects, as explained before. Figure 3.3 shows the implemented
PAM-2scheme.

PRBS Gaussian Receiver
sequence Filter Filter

Figure 3.3: Binary modulation scheme - block diagram
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Figure 3.4: PAM-2 - Modulation current and resulting output power

Figure 3.4 shows the VCSEL power output superimposed to the modulated input
current.
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Figure 3.5: PAM-2 - Effects of RIN at 10 Gbps

An attempt of modulation at 30 Gbps was done, with the results shown in
Figures 3.7a and 3.7b. The eye diagram of the VCSEL output power shows a very
noisy situation, in which the relaxation oscillation of the VCSEL seem to occupy
the entire bit period. This was expected by looking at the small signal response,
that indicated a 3dB bandwidth of around 19 GHz at 6 mA. To make things worse,
the other eye diagram seems to indicate that the receiver filter adds further inter-
symbolic interference.
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3.2 PAM-4 modulation

The advantage of using a four-level modulation derives from the fact that it doubles
the spectral efficiency (defined as the information rate transmitted over a given
bandwidth). The price to pay is a higher signal to noise ratio (SNR) needed to
obtain the same performance In order to obtain four levels, the input bit sequence
is divided into 2-bits long symbols. Consequently, four levels of currents must be
used. Again, 2 and 6 mA are used as lowest and highest bias levels, but this time
two equispaced current levels in this range are used, as shown in Table 3.1.

PRB
VCSEL Receiver }
sequence

Figure 3.8: PAM-4 - block diagram

PAM-4
modu-
lation

Gaussian
Filter

o
o o0 =)
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»
o

Input current [mA]
w
o

w

25

Symbol Bias current
00 2 mA
01 3.33 mA
10 4.66 mA
11 6 mA

Table 3.1: PAM-4 bias currents
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Figure 3.9: PAM-4 - Modulation current and resulting output power

Output power [mW]

Again, the eye diagrams are reported. 40 Gbps non deve sorprendere, siamo in
realta a 20 GHz, quindi nella banda di modulazione del dispositivo.
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3.2 — PAM-4 modulation
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3.3 Conclusions
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Chapter 4
Experimental measurements

After the creation and verification of the simulator results by mean of analytical
formulas and provided data, the consequent step was the direct measurement of
device characteristics; for this purpose OptiGOT, a startup developing VCSELSs
based in Gothenburg, Sweden, provided some on-wafer VCSEL samples, shown in
Figure 4.1. Unfortunately, due to bureaucratic complications, the probes needed
for on-chip measurements did not arrive in time.

Figure 4.1: OptiGOT VCSEL samples - the overall size is around 5x4 mm

However, four VCSEL samples produced by ULM Photonics were provided by
Dr. Pierluigi Debernardi. These devices were analyzed at the Photonext laboratory,
in order to get confidence with the measurement instruments, and their provided
characteristics are reported in Figure 4.2.
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Experimental measurements
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3dB modulation bandwidth min. 3 GHz
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(b) PI and VI curves

Figure 4.2: ULM VCSEL - provided characteristics

The devices (one of which is shown in Figure 4.3b) were embedded in a standard
LC-TOSA package, thus making the process of driving them and taking measure-
ments easier. For this kind of packaging, in practice, the VCSEL is first embedded
in a TO-46 package (Figure 4.3a), a metal case that allows the interfacing with
the VCSEL through three pins (anode, cathode and case ground). Next, the metal
assembly is inserted in a plastic package (LC-TOSA), that provides an extra layer
of protection to the device and can include a small lens in the top aperture

In all the experiments done,as alignment of VCSEL and fiber could not be done
by hand, so a Thorlabs MAX311D Fiber Alignment Stage was used (shown in Figure
4.4). Using three knobs, it allows micrometric and submicrometric movements in
the x,y and z directions, allowing a precise alignment between fiber and laser. For
the sake of completeness, these measurements are reported in the following. Table
4.1 reports the all the instruments used for the various measurements.
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4.1 — DC characteristics - PI curve

(a) VCSEL in a TO-46 package

(b) LC-TOSA VCSEL used for the mea-
surements

Figure 4.3: VCSEL packages

Figure 4.4: Thorlabs MAX311D Fiber alignment stage

4.1 DC characteristics - PI curve

4.1.1 Setup

For starting, DC characteristics were measured by setting up the test bench as
schematized in Figure 4.5. VCSELSs were current driven using a ILX Lightwave
LDC-3700C Laser Driver: in order to interface the two, the VCSEL samples were
soldered on a matrix board with two banana sockets embedded, that were later
connected to the positive and negative terminals of the driver. The output power
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Experimental measurements

Instrument type Model
Laser Driver ILX Lightwave LDC-3700C
Current/Voltage Meter Fluke 45
Power Meter + Optical Head Interface Agilent 8163B + Agilent 81619A
Fiber alignment stage Thorlabs MAX311D
Photodiode Newfocus 1484-A-50
Optical Spectrum Analyzer Agilent 86140A
Network Analyzer Agilent 8703B

Table 4.1: Laboratory equipment used

was directly measured through an Agilent 8163B power meter together with an
Agilent 81619A optical head, while voltage across the VCSEL was measured using
a Fluke 45 multimeter.

ILX LDC- Agilent Agilent
3700C 81619A 8163B
Laser optical power
Driver head meter

Fluke 45

voltage
meter

Figure 4.5: Block diagram of the DC characteristics measurement setup

4.1.2 Results

Figure 4.6 shows the PI and VI curves for the VCSELs under test. The four devices
show very similar characteristics, both in terms of threshold, slope efficiency and
thermal rollover. Moreover, the measurements are consistent with the provided
curves, reported in Figure 4.2b.

An important aspect to take into account when measuring the characteristics of
a device is the coupling loss, that is the power lost when light is coupled from
the VCSEL to the fiber; one may want to keep this effect as low as possible, in
order to get the most of the VCSEL output power. To evaluate this parameter,
PI curve measurement were repeated by coupling a MultiMode Fiber (MMF) to
the VCSEL, as schematized in the block diagram in Figure 4.7. Figure 4.8 the
comparison between the two cases: fiber output power (blue curve) is much lower
than directly measured power (red curve), so a considering coupling loss occurs.
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4.2 — Electrical S-parameters
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Figure 4.6: Measured DC characteristics

The large difference between the two curves can be attributed to two main effects:
misalignments between the fiber and the VCSEL, since the coupling was hand-
made, and permanent damages on the fiber tips, detected with a microscope check.

ILX LDC- Agilent Agilent
3700C 81619A 8163B
Laser optical power
Driver head meter

Figure 4.7: Block diagram of setup for coupling loss measurements

4.2 Electrical S-parameters

4.2.1 Setup

For the electrical S-parameters measurement, the VCSEL packages have been hand-
soldered to an SMA connector. This is done for two main reasons: the first one
is practical, as the Optical Spectrum Analyzer can only be interfaced via SMA
ports, while the second comes from the fact that this kind of connector supports
a typical passband in the 0 — 18 GHz range, making it suitable for high frequency
measurements. After that, the lasers are coupled to the fiber, that is input to the
Agilent 8703B Optical Spectrum Analyzer. Figure 4.9 shows the scheme of the
setup just described.
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Experimental measurements
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Figure 4.9: Block diagram of the S-parameters measurement setup

4.2.2 Results

As Figure 4.11 shows, the devices present a resonance frequency of around 3 GHz
range. This is in line with the value provided by the manufacturer, as from Table
4.2a. Moreover, very relevant spurious frequency components appear at higher

frequencies, probably due to parasitics deriving from the soldering process on the
SMA.

4.3 Spectrum measurements

4.3.1 Setup

In order to do spectral measurements, the VCSEL was again driven by the ILX
LDC-3700C Laser Driver and coupled to a multimode fiber. To interface the fiber
with the Agilent 86140A Optical Spectrum Analyzer (OSA), the Newfocus 1484-A-
50 photodiode was used. It has a declared bandwidth of 22 GHz, confirmed by the
measurements shown in Figure 4.13. This is more than enough for measurements
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4.3 — Spectrum measurements

bias bias
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bias

107 10° 10'
Frequency [GHZ]

(c) 35 mA

Figure 4.10: Measured Sy; response

on these devices, that, as it was shown by S-parameter measurements, have a
bandwidth of around 3 GHz, as seen from the S-parameters and from the datasheet.
The full chain is shown in Figure 4.12 Measurements have been obtained by driving
the VCSELs with increasing current, from 7 to 30 mA.

4.3.2 Results

It is possible to see in Figure 4.14 that increasing the current leads to a shift of
the VCSEL central wavelength. Furthermore, it is evident that one of the devices,
shown in the figures as ULM;, has a central frequency that deviates of around 2
nm with respect to the others.
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Figure 4.11: Measured Ss; response (normalized)

ILX LDC- Newfocus
3700C 1484-A-50

Laser Photo-
Driver diode

Agilent
8703B
Network
Analyzer

Figure 4.12: Block diagram of the spectrum measurement setup

4.4 Conclusions

54

By looking at the measurements, neglecting effects due to connectors or packaging
inaccuracies, the measurements show almost incredible regularity when compared
to the provided values. Considering that the devices were more than ten years old,
this indicates the high reproducibility of VCSEL technology. On the other hand,
the same effects should be considered if a batch of devices must be used. They could



4.5 — Appendix: hints for on-wafer measurements

Newfocus 1484-A-50 photodiode

Normalized Response [dB]

0 10 20 30 40 50
Frequency [GHZz]

Figure 4.13: Newfocus 1484-A-50 measured frequency response

cause relevant differences in the device characteristics, so it is better to measure
every device to avoid potential problems.

4.5 Appendix: hints for on-wafer measurements

Even though the on-wafer measurements were not taken, some advices are given
for future reference. A reference setup for taking on-wafer device tests can be seen
in Figure 4.15 (courtesy of Anders Larsson, Chalmers University). On the bottom,
two brass (or copper) plates are placed, with a Peltier element in between. These
help keeping constant the temperature of the device under test. An external tem-
perature regulator (not shown) measures the temperature through the thermistor
and regulates it using the Peltier cell.

On the left, the probe used for driving the device is shown; it is connected to the
driving instrument through an RF cable, which transmits the input signal from the
test instrument to the VCSEL. Some probe models are also shown in Figure 4.17a.
On top of the device goes the fiber holder, in order to couple the output light of
the device. A lens can be added between the VCSEL and the fiber, if needed. Due
to the small dimensions of the bond pads used for injecting current in the VCSEL
(Figure 4.16), the alignment of the probe with the wafer is not possible by hand.
Typically this is done by means of a fiber alignment stage, like the one already
shown in Figure 4.4. The same is valid for the fiber, as a manual alignment could
cause irreversible damage both to the fiber and to the device. Figure 4.17b shows
a VCSEL under test, with light directly coupled into a fiber (no lens used).
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Figure 4.14: VCSEL spectra at various currents
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4.5 — Appendix: hints for on-wafer measurements

Fiber holder (tilted)

RF probe

thermistor

2 brass plates with a Peltier element between

Figure 4.15: On-wafer measurement testbed
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Experimental measurements

100 pm 70 um x 70 pm

Figure 4.16: Typical dimensions of on-wafer bond pad

(b) On-wafer VCSEL measurements -
the tip of the probe is visible

(a) Models of probe for on-wafer driving
[48]

Figure 4.17: Probes for on-wafer testing
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Chapter 5

Conclusions

Ci sono ancora strade non percorse per migliorare il simulatore: in a real life sce-
nario, thermals are a fundamental limit when working with VCSELs, quindi si
potrebbe inserire qualcosa che varia con la temperatura. Per quanto riguarda la
simulazione di una trasmissione, sono stati trascurati gli effetti della fibra MMF (es-
istono paper?) e il rumore aggiunto dal fotodiodo a ricevitore. BER curves could
be extracted after adding this parameters. Ad ogni modo,si spera che il lavoro
svolto sia un buon punto di partenza per compiere simulazioni sui VCSEL.
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