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Abstract

This thesis expands the state-of-the-art in coherent detection for optical
fiber access networks employing vertical-cavity surface-emitting lasers (VC-
SELs) as light sources. Bit rates up to 10 Gb/s over 25 km single-mode
fibre (SMF) transmission distance have been achieved supporting a pas-
sive optical splitting ratio for 199 users. Extended transmission reach over
40 km SMF and a splitting ratio supporting up to 1024 users have been
experimentally demonstrated for a bidirectional bit rate of 5 Gb/s. These
novel proposed VCSEL-based transmission systems satisfy the requirements
for next generation optical fiber access networks regarding long reach, high
splitting ratio, no optical amplification, no external modulation, and use of
a single fiber for upstream and downstream transmission.

An important contribution of this thesis is the novel concept of chirp-
assisted coherent detection for direct current modulated VCSELSs. A coher-
ent receiver approach that exploits adiabatic frequency chirping of direct
modulated VCSELS to improve the extinction ratio of received signals is in-
troduced. This concept enables coherent detection systems to be fully based
on VCSELs in contrast to conventional coherent detection approaches that
require narrow linewidth light sources. Moreover, the proposed receiver
configuration is based on envelope detection that simplifies its implementa-
tion. The results presented in this thesis include the first reported experi-
mental demonstration of all-VCSEL-based coherent transmission link with
real-time demodulation.

Furthermore, advanced modulation formats are considered in this thesis
to expand the state-of-the-art in high-speed short-range data transmission
system based on VCSELs. First, directly modulation of a VCSEL with a
4-level pulse amplitude modulation (PAM-4) signal at 50 Gb/s is achieved.
This is the highest data rate ever transmitted with a single VCSEL at the
time of this thesis work. The capacity of this system is increased to 100 Gb/s
by using polarization multiplexing emulation and forward error correction
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techniques. Compared to a non return-to-zero on-off keying (NRZ-OOK)
system with the same bandwidth, this approach reduces by 2 the number
of transceivers and by 4 the number of parallel lines needed to provide fu-
ture standard capacity links. Secondly, carrierless amplitude phase (CAP)
modulation and half-cycle quadrature amplitude modulation (HC-QAM)
are experimentally demonstrated to increase the capacity for a given band-
width and reduce the impact of optical fiber chromatic dispersion for a given
capacity. Finally, 2 Gb/s bipolar impulse-radio ultra-wide band (IR-UWB)
data communication over a combined distance of 25 km SMF optical fiber
and 4 m air. These results show the suitability of VCSELS light sources for
applications in hybrid optical fiber-wireless transmission links.

In conclusion, the results presented in this thesis have significantly ex-
tended the state-of-the-art in techniques for signal generation, transmission
and detection for next-generation access networks and high- speed short-
range systems employing vertical-cavity surface-emitting lasers as light sources.



Resumé

Denne afthandling udvider state-of-the-art indenfor optiske fibernetveerk, der
anvender koheerent detektion og "vertical cavity surface emitting lasers"
(VCSEL) som lyskilder. Transmission af bit rater op til 10 Gb/s over 25
km single-mode fiber (SMF) er gennemfgrt med understottelse af passiv
optisk signaldeling mellem 199 brugere. Udvidet transmissionsrackkevidde
pa 40 km med SMF og signaldeling mellen 1024 brugere er eksperimentielt
demonstreret i et bi-direktionelt system med 5 Gb/s bit rate. Disse nye VC-
SEl baserede transmissionssystemer lever op til neeste generation fibernets
krav om lang rackkevidde, hgj delingsgrad, og anvendelsen af den samme
fiber for upstream og downstream transmission.

Et vigtigt bidrag fra denne afhandling er det nye koncept chirp-assisteret
koheerent detektion af signaler fra direkte modulerede VCSEL’er En tilgang
til koheerente modtagere, der udnytter adiabatisk frekvenschirp af direkte
modulerede VCSEL’er til at forbedre udslukningsgraden af det modtagne
signal. Dette koncept muligggr kohaerente systemer, der udelukkende bet-
jener sig af VCSEL’er som lyskilder, i modsaetning til konventionelle ko-
haerente systemer, der baserer sig pasmal-spektrede lyskilder. Ydermere er
den foreslaede modtagerkonfiguration baseret paenvelope-detektion, hvilket
simplificer implemeteringen. Resultaterne praesenteret i denne afhandling
inkluderer den fgrste rapporterede demonmstration af et kohsaerent trans-
missionssystem, der udelukkende anvender VCSEL’er, og som benytter de-
modulering I realtid uden digital signalbehandling.

Avancerede modulationsformater er undersggt i denne afhandling som
metode til at udvide state-of-the-art indenfor VCSEL baserede hgjhastigheds-
forbindelser med kort reekkevidde. For det forste er direkte modulation af en
VCSEL med et 4-niveau pulse-amplitude modulation signal ved en bit rate
pa 50 Gb/s demonstreret. Dette er den hgjeste bit rate, der er opnaet med
en enkelt VCSEL patidspunktet for denne afhandling. Systements samlede
kapacitet blev foroblet til 100 Gb/s ved hjeelp af polarisationsmultipleksning

il



iv Resumé

og fejlkorrigerende kodning (FEC). Sammenlignet med "non return-to-zero
on-off keying" (NRZ-OOK) systemer med samme bandbredde er antallet
af sendere og motagere halveret, og antallet af parallelle kommunikation-
slinjer reduceret med en faktor 4 for at tilfredsstille fremtidige krav om
hgjhastighedsforbindelser. For det andet er bacrebplgelgs amplitude- og
fasemodulation (CAP) samt halv-cyklus quadratur amplitude modulation
(HC-QAM) demonstreret eksperimentielt med henblik paat gge kapacitet
og mindske fplsomheden overfor kromatisk dispersion. Til sidst er 2 Gb/s
bipolar impulsradio ultra-bredbands (IR-UWB) datatransmission over en
kombineret forbindelse bestédende af en 25 km SMF optisk fiber og en 4 m
treedlgs forbindelse blevet demonstreret. Disse resultater viser VCSEL’er
anvendelighed som lyskilder I hybride fiber/tradlgse forbindelser.

Som konklusion kan anfgres at de resultater, der er praesenteret i herveerende
afhandling, pasignifikant vis har udvidet state-of-the-art indenfor genera-
tion, transmission og detektion af signaler til naeste generation af access-net
og hgjhastighedsforbindelser, der anvender VCSEL’er som lyskilder.
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Chapter 1

Introduction

1.1 Outline of the thesis

This thesis is structured in 3 chapters as follows: Chapter 1 provides an
introduction to vertical-cavity surface-emitting lasers (VCSELs) describing
their structure and operational characteristics. I review on the datacom
and telecom application scenarios for VCSELs as light sources. Sections
1.4 and 1.5 introduce coherent detection and advanced modulation formats
specially attractive for VCSEL-based systems. Section 1.6 analyzes the
state-of the-art in VCSEL modulation bandwidth, coherent detection in ac-
cess networks, and the latest work on advanced modulation formats with
VCSEL light sources. Section 1.7 describes how the results during my Ph.D.
has extended the state of the art. Section 1.8 presents the main contribu-
tions of this thesis. Chapter 2 describes the main contributions of each
publication included in this thesis. To conclude, Chapter 3 summarizes
the main achievements of this Ph.D. research and provides an outlook for
future trends in coherent optical fiber access networks, and in high-speed
short-range systems.

1.2 Vertical-cavity surface-emitting lasers
(VCSELSs)

VCSELs are one of the most important laser sources in optical commu-
nication systems. Vertical emission laser was first suggested by Professor
Kenichi Iga at the Tokyo Institute of Technology. The main difference of
VCSELs light sources in respect to conventional edge emitting lasers is the
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Figure 1.1: VCSEL structure [1].

emission being normal to the surface of the device. This unique charac-
teristic makes VOSELs convenient for 2-D array integration, on wafer test-
ing with potential low-cost manufacture, and circular emission with high
fiber-coupling efficiency. Besides, the small cavity volume enables for low
thresholds, and high-speed modulation at low currents. This combination
of features has led to a high interest and rapid development of VCSELs for
short reach high-capacity optical interconnects. In this section I describe
the structure and principles of operation in VCSEL light sources.

1.2.1 Structure

The common structure to most VCSELs is shown in Figure 1.1. VCSEL
structure includes a laser resonator consisting of two parallel reflectors which
sandwich a thin active region. The reflectors are distributed Bragg reflec-
tors (DBRs) with multiple pairs of layers. Each layer has a thickness of 1/4
of the wavelength to obtain a strong reflexion of the light. The total reflexion
of the DBR mirror has to be higher than 99.9% to reach lasing threshold [2].
The structure of the VCSEL provides multiple advantages. The small cavity
volume enables for small threshold currents and high relaxation frequency
even at low driving currents. Single-wavelength operation is obtained due
to large mode separation resulting from the short cavity length. There-
fore, it enables for wide and continuous wavelength tuning [3]. Different
materials are used to grow VCSELs depending on the emission wavelength.
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Figure 1.2: Materials of VCSEL light sources [2].

Figure 1.2 shows most common compounds and the wavelength range they
provide. GaAs is used as a substrate for short-wavelength and up to 1.3
uwm VCSELSs, while for long-distance fiber optics systems, the most popular
wavelength is around 1.5 pm with lasers grown on InP substrate. The most
common technique for current confinement in GaAs-based VCSELs is oxide
confinement, where a high aluminum content AlGaAs layer located in a null
position of the standing wave above the active region is oxidized to form
the oxide aperture with a typical diameter of 6 -10 pym [1]|, while InP-based
VCSELs commonly employ a buried tunnel junction [4] [5].

1.2.2 DC operation

Fig.1.3 shows typical light-current-voltage (LIV) curves of a VCSEL light
source. The abscissa represents the current injected into the laser, the right
ordinate is the voltage across the VCSEL structure, and the left ordinate
shows the optical power emitted. The small volume of the resonator allows
for small current thresholds of approximately 1 mA. The rollover of the
optical power of VCSEL light sources is typically 12-15 mA, reaching a
maximum power out of approximately 0-5 dBm. The optical power out of
the VCSEL can be calculated as [3].

hv
Pout - 772'770?(] - Ith) (11)

where 7); is the injection efficiency, 7, is the optical efficiency, h is Planck
constant, v is the frequency, ¢ is the elementary charge, I is the injected
current and Iy, is the current threshold.
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1.2.3 Dynamic operation

The non-linear electrical-to-optical conversion in a laser can be modeled by
a set of differential equations called rate equations. The rate equation model
determines the number of electrical carriers in the active region and photons
in the laser cavity. There are multiple versions of the rate equation model
with different explicit physical laser parameters. Dividing the number of
carriers and photons by the volume of the active region and the cavity,
respectively, the rate equations can be shown on their density form [3],

— = — — Rsp(N) — Ry (N) — N’NN 1.2

dN, N,

S = ==L 4 T3, Ryp(N) + TG(N, NN, (1.3)
p

where N is the carrier density, IV, is the photon density, I is the injection
current, 7; is the current injection efficiency, ¢ is the electron charge, V' is
the cavity volume of the laser, R, is the spontaneous recombination, R,
is the non-radiative recombination, G is the laser gain, 7, is the photon
lifetime, I' is the confinement factor and f,, is the spontaneous emission
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Figure 1.4: Transient, adiabatic and total modeled frequency chirping of a VCSEL light
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coupling coefficient.
We can calculate the power of the optical signal out of the laser from the
photon density as [3],

N,(t)V,
Pu(t) = 770h1/M (1.4)
Tp
where V), is the volume of the laser cavity.
The variation of the phase derivative over time of the optical signal is known
as frequency chirping. Frequency chirping is specially important for coher-
ent detection systems and for optical systems affected by chromatic dis-
persion. The derivative of the phase of the optical signal in direct current
modulated VCSELSs is modeled as
dp « a «aeN,

= TGN, N,) - -
a ~ 2O N = o 4o

(1.5)

where ¢ is the optical phase, « is linewidth enhancement factor and ¢ is the
gain saturation factor. First and second terms of Eq.1.5 are associated with
the transient chirp, while the third term is associated with the adiabatic
chirp of the VCSEL. Fig.1.4 shows the modeled chirp of the VCSEL optical
output with transient and adiabatic components.

1.2.4 Small signal modulation

Fig.1.5 shows a typical S21-parameter of a VCSEL light source for different
bias current. Laser 3-dB bandwidth and frequency response damping in-
crease as the bias current to the laser increases until a certain value. High
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Figure 1.5: Small-signal modulation response at 25°C' at different bias currents for a
GaAs VCSEL [6]

values of bias current are desired for high speed modulation and flat fre-
quency response, however it decreases the extinction ratio of your signal and
produce optical power saturation on large signal modulation. The frequency
response can be modeled as,
w2
Wi — W+ Jwy

where w is the relaxation resonance frequency and ~ is the damping fac-
tor. The relaxation resonance frequency and the damping factor can be
expanded as,

2 Vg
=Y (1~ 1) = 1.7
wWR qvpn( th) T (1.7)
v = Kf&+ 0, (1.8)

where v, is the group velocity and a = 6G/IN is the differential gain.
K-factor and ~g describe the damping of the laser response,

r
K = 4n’r, (1 n Z”) (1.9)
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where a, = 6G/IN, and TN is the differential carrier lifetime.

An important design parameter for high-speed VCSELs is to increase the
differential gain, because it increases the relaxation resonance frequency
of the laser. Reducing the photon lifetime also increases the relaxation
resonance frequency, however it decreases the damping factor leading to
more peaking and less flat frequency response of the laser.

1.2.5 Thermal effects in VCSEL light sources

VCSEL light sources have a relatively high series resistance compared to
edge emitting lasers. The DBR mirrors in the VCSEL structure are com-
posed of multiple layers with small potential barrier. The addition of all
DBR layers produces a significant voltage drop represented as a resistance
in series with the diode [7]. The electrical power into the laser is expressed
as [3],

Py =I’R,+ 1V + 1V, (1.11)

where [ is the injected current into the laser, R is the series resistance, Vy
is the current-independent series voltage, V; is the ideal diode voltage. The
power dissipated in the VCSEL is the difference between electrical power
into the laser and the optical power out from the laser,

Pp = Py, — Pow (112)

The power dissipated in the laser induces to VCSEL self-heating. The
internal temperature within the VCSEL can be described as,

dT
T:TO—I-PD-Rth—Tth-% (1.13)
where T, is the ambience temperature, Ry, is the device thermal impedance,
and 7y, is the thermal time constant. The device thermal impedance for a
small-diameter VCSEL mounted on top of a relativelly thick substrate can

be approximated as [3|
1
Ry = — 1.14
"= 36 (114
which is obtained assuming a heat source with circular area, where s is the
area diameter and £ is the thermal conductivity of the material. The internal

temperature raise caused by current self-heating has an impact on VCSEL
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modulation performance. Increasing temperature contributes to a reduction
of differential gain and internal quantum efficiency, and to an increase of
the threshold current. These effects eventually cause the photon density,
and therefore the output power and the resonance frequency, to saturate at
a certain current level. This is called the thermal rollover current.

1.3 Application scenario

Immediately after the first room temperature demonstration of a continu-
ous wave (CW) operation [8], Defense Advanced Research Projects Agency
(DARPA) started the interest in VCSELs supporting programs to develop
multigigabit optoelectronic interconnect technologies [9]. The exponential
growth in computer performance and internet traffic, propitiated the inter-
est in optics technologies to replace conventional electronics in data commu-
nication links. Optics technologies were able to out-perform electronics in
terms of speed, power, and form factor [9]. VCSEL light sources were a key
component to develop among several other optical components. Internet
data traffic and computer performance have continue growing over the last
decades and this trend is expected to continue in the future. Today, Internet
data is routed through large datacenters made up of hundreds of thousand
of servers operating in parallel. One of the main challenges in datacenter is
to satisfy the increased capacity while keeping a moderate level of energy
consumption, cost and space. To satisfy these requirements, VCSEL light
sources offers better characteristics than edge emitting laser. VCSELs has
become a main laser source for short-range high-speed optical links. Most
of the Ethernet and Fiber Channel deployed links nowadays operate at 10
Gb/s or less in the 850 nm wavelength range. GaAs-based VCSELSs are a
mature technology at 10 Gb/s transmission rates, or even up to the latest
Fiber Channel standard at 14 Gb/s [10]. Currently, the high volume of
devices required by the market can be provided by companies such as Fin-
isar and Oclaro. However, the challenge now facing the industry is to fulfill
specifications of future data rates, while keeping a reduced power consump-
tion, module cost and complexity. For instance, Google has stated in 2011
that 40 Gb/s would be the desired bandwidth for their new generation data
centers [11]. IBM has planned 25 Gb/s optical interconnect speed in their
roadmap for future Exaflop supercomputers in 2020 [12]. Different stan-
dard organizations are working on new recommendation. Table 1.1 shows
the specifications already published by the different standard organizations.
On the other hand, for the Telecom market operating at wavelengths be-
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Standards Speed Year
IEEE 802.3ae 10 Gb/s 2003
Fiber Channel 10GFC 10 Gb/s 2008
Fiber Channel 16GFC 14 Gb/s 2011
IEEE 802.3ba 4,10x10 Gb/s 2010
Infiniband QDR 1,4,12x 8 Gb/s 2008
Infiniband FDR 1,4,12 x 14 Gb/s 2011
Infiniband EDR 1,4,12x 25 Gb/s 2013
Fiber Channel 32GFC 28 Gb/s 2014

Table 1.1: Standards for optical systems [13] [14] [10]

yond 1.3 um, the VCSEL design is based on InP. Historically, development
of long-wavelength VCSELs has faced difficulties to design active materials
with high optical gain compatible with high-reflexivity DBR mirrors [15].
Since 2000, new materials and design techniques have empowered long wave-
length VCSEL development. InP-based VCSEL technology is not as mature
as GaAs-based VCSEL, however, there is active research on long-wavelength
VCSELs for the telecom market, for instance, in the European project Gi-
gaWaM [16]. GigaWaM aims to design, develop and manufacture all the
components for a wavelength division multiplexing (WDM) passive optical
network (PON) architecture providing a symmetric data rate of 1 Gb/s per-
user over 20 km SMF [17]. The project employs long-wavelength VCSELs
from Vertilas as the laser source for the downlink data transmission. Verti-
las GmbH manufactures O-band, C-band and L-band VCSEL for telecom
application. The Danish company Alight Technologies is currently manu-
facturing GaAs-based VCSELS operating at the low dispersion wavelength
of 1.3 pm. BeamExpress SA and RayCan manufacture VCSELSs in the
O-band and C-band.

1.4 Coherent detection with VCSELSs

Coherent detection has advantages compared to direct detection in terms
of received optical power sensitivity. Therefore, coherent detection allows
for higher power budget and it enables longer reach and higher splitting
ratio in fiber-optic communication links. Passive optical networks (PONS)
have become the preferable approach for current and future access networks.
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Figure 1.6: Schematic illustration of a coherent detection scheme

The optical unamplified transmission in PON links, together with the WDM
architecture included in next generation PONs, have raised new interest in
the advantages that coherent detection can offer. In this section, I describe
the principles of coherent detection implementation, and it advantages in
fiber optical access networks.

1.4.1 Principles

Fig. 1.6 shows a schematic of a coherent detection scheme. The basic idea of
coherent detection is mixing in a photodiode the received optical signal with
a continuous wave (CW) optical signal. The CW optical signal is generated
by a laser called local oscillator (LO) which is normally part of the receiver.
The received signal and the signal from the LO can be expressed as [18]

Es = Asexp[—i(wst + ¢s)] (1.15)
Ero= ALoexp[—i(wLot + quO)], (1.16)

where A;, ws, ¢s and Aro,wro, ¢ro represent the amplitude, frequency and
phase of the received signal and LO respectively.

Assuming identical polarization on both signals, the optical power into the
photodetector can be expresses as

P(t) = Py + Pro 4+ 2/PsPpo cos(wipt + ¢s — d10), (1.17)

where P; = KA?, Pro = KA%O and wrp = ws — wro. Ps in the optical
power of the received signal, Pro is the optical power of the LO, K is a
constant of proportionality and wyp is called intermediate frequency. The
current out of the photodiode is proportional to its incident power and can
be expressed as,

I(t) = RPs; + RPro + 2R/ Ps Pro cos(wrrt + ¢s — ¢10), (1.18)
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Figure 1.7: Schematic of general coherent receiver

where is R is the responsivity of the photodiode. Assuming AC-coupled out-
put of the photodiode and Pro >> Ps, the equation 1.18 can be simplified
to

1(t) = 2R/ PsPpo cos(wrpt + ¢s — dro), (1.19)

Eq. 1.19 shows that signal information can be received from the amplitude
(Ps), frequency (ws) or phase (¢5) of the optical signal. Since directly modu-
lation is highly desired when using VCSEL light sources, we have considered
amplitude modulation. In this case, received signal optical power in Eq.
1.19 is time-dependent, Py(t). Depending on the frequency offset between
the received signal and optical signal from the LO (wrr), coherent detec-
tion can be divided into homodyne, heterodyne or intradyne. Homodyne
coherent detection, wyp = 0 is difficult to implement in practice because
it requires an active control of the optical frequency of the LO to exactly
match the carrier frequency. In heterodyne coherent detection, wyp > 2w Ry
where R is the baud rate of the transmitted signal, the coherent receiver
requires at least twice the bandwidth of the transmitted signal. Intradyne
coherent detection is an intermediate case, where 0 < wrp < 27 R;.

1.4.2 Coherent detection receivers

Fig. 1.7 shows a general coherent receiver schematic. The incoming signal
is combined with the LO signal in a 90° optical hybrid which allows for
detection of the in-phase (I) and quadrature (Q) components after mixing
both optical signals in two pairs of balanced photodiodes. This scheme can
be used for amplitude, frequency or phase demodulation since the whole
optical field of the received signal is recovered. Phase information recovery
of the optical signal enables chromatic dispersion compensation with digital
signal processing. This scheme was used on Papers 1-3.

In this thesis, coherent detection is intended for directly amplitude mod-
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Figure 1.8: Schematic of ASK asyncronous coherent receiver

ulated VCSELs. Therefore, a simpler receiver scheme for amplitude modu-
lated signals can be used. Fig.1.8 shows a coherent receiver schematic used
in Papers 4-6. The receiver is composed of an optical coupler, a photodi-
ode branch and an envelope detection.This approach does not recover the
whole optical field of the incoming signal, and therefore, it can not compen-
sate for chromatic dispersion. However, it is very attractive for links where
chromatic dispersion is not dominant, such as systems in the low disper-
sion O-band region, or C-band systems with data-rates below 10 Gb/s and
distance of 20 km single-mode fibre (SMF).

1.4.3 Chirp-assisted coherent detection

Stable frequency relation between the transmitting laser and the LO has
been an important feature of coherent systems. External modulation and
narrow linewidth lasers have been usually employed for that purpose. Di-
rect current modulated VCSEL have not been previously used in coherent
systems due to higher frequency chirping compared to edge emitting lasers.
However, we can exploit adiabatic frequency chirping of the VCSEL to
improve the extinction ratio in amplitude modulated coherent detection
systems. Fig.1.9 shows the spectrum of a direct current modulated VCSEL
light source from a high resolution optical spectrum analyzer from Aragon
Photonics. Spectral power from 1’s and 0's is separated due to frequency
chirping. The spectral separation increases as the peak-to-peak modulation
increases [19]. The LO is placed close to spectral frequency of the 1’s and
opposite from the spectral frequency of the 0's. Therefore, wyp after co-
herent detection is low for 1’s, and high for 0’s. The transfer function of
the photodiode, or an additional low pass filter, can be used to filter out
the high frequency signal from the 0's improving the extinction ratio of the
received signal. This technique has been used on Papers 1-6.
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Figure 1.9: Optical spectrum of a directly modulated VCSEL [19]

Figure 1.10: Coherent WDM-PON

1.4.4 Advantages on access networks

Passive optical networks (PONs) have become the predominant approach for
next generation access networks. Coherent detection has two main advan-
tages for fiber optical access networks on received optical power sensitivity
and flexible wavelength allocation. Higher receiver optical power sensitivity
of coherent systems provides wider power margins in the optical link, and
therefore it allows for longer optical transmission distance and higher pas-
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sive splitting ratio (more users). Extending transmission distance of the link
and increasing the number of supported users reduce the number of required
optical line terminations (OLTSs), thereby reducing cost and network com-
plexity. Installation of arrayed waveguide grating (AWG) to mux/demux
WDM optical signals is one of the main concerns of internet operators for
optical access networks based on wavelength division multiplexing passive
optical network (WDM-PON) [20]. Besides the installation cost, the fixed
frequency grid in AWG will not support future standards with closer fre-
quency spaced channels. Wavelength tunability of coherent receivers, by
tuning the local oscillator, provides flexibility in channel allocation and al-
lows for closer frequency spaced channels increasing the overall capacity of
WDM-PONSs. Chromatic dispersion compensation enabled by coherent de-
tection techniques allows for longer fiber transmission distance and higher
bitrates on fiber links limited by chromatic dispersion. However, simplic-
ity and cost reduction are two main challenges in order to make coherent
attractive for next generation optical access networks.

1.5 Advanced modulation formats with VCSELSs

Data communication systems based on VCSEL achieve higher capacities
by applying high spectral efficient advanced modulation formats. Direct
modulation of M-ary pulse amplitude modulation (PAM-M), single-carrier
quadrature amplitude modulation (QAM), discrete multitone (DMT), and
carrierless amplitude phase (CAP) modulation showed the potential to pro-
vide data transmission beyond 30 Gb/s with lower bandwidth requirements
than NRZ-OOK. However, the higher spectral efficiency of these modulation
formats comes together with higher requirements in terms of signal-to-noise
ratio (SNR), and more complex transmitter and receiver architecture.
Ultra-wideband (UWB) modulation is intended for high-speed short-range
wireless links with low power radiation. In this section, I review the ad-
vanced modulation formats used for direct modulation of VCSEL and their
benefits.

1.5.1 M-ary pulse amplitude modulation

In non return-to-zero on-off keying (NRZ-OOK), the signal has two possible
amplitude levels or symbols, "1" or "0", therefore, one symbol transmit one
bit. In a M-ary PAM system, the signal has M possible amplitude levels,
and loga(M) bits are transmitted per symbol, Ry = Rgymp - loga(M). M-
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Figure 1.11: Single Cycle 16-QAM transmitter setup.

ary PAM modulation exhibits loga(M) higher spectral efficincy compared
to NRZ-OOK. However, PAM-4 modulation multiplies by 3 the SNR re-
quirements compared to NRZ-OOK. PAM-4 has lower system complexity
compared to QAM or CAP modulations schemes, which makes it attrac-
tive for systems looking for doubling the spectral efficiency of NRZ-OOK
modulation while maintaining a low complexity.

1.5.2 Quadrature amplitude modulation

Quadrature amplitude modulation (QAM) is a modulation scheme that
uses two sinusoidal carriers with 90 degrees phase offset. The signal can be
expressed as,

s(t) = I(t)cos(2m fot) + Q(t)sin(27 fot) (1.20)

where I(t) and Q(t) are the components carrying the data stream, they
are called in-phase and quadrature, respectively, fy is the carrier frequency.
The two modulated orthogonal carriers are summed resulting in a signal
with amplitude and phase modulation. QAM is a bandpass transmission
with the spectrum centered on fy. On direct modulation of VCSELSs, low
frequency carriers are desired in order to exploit the spectral bandwidth of

the VCSEL.

Single-cycle & Half-cycle QAM

Single-Cycle and Half-Cycle QAM are particular cases of QAM where the
carrier frequency is equal and half the symbol rate, respectively,

Single-Cycle: fo = Ry Half-Cycle: fo = Rp/2 (1.21)

These particular cases are specially attractive for direct modulation of VC-
SELs as their spectrum is on the low frequency range. The first spectrum
lobe occupies the spectral band from DC to 2- f,., for single-cycle, and from
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DC to 1.5 fsym for half-cycle. Half-cycle quadrature amplitude modulation
(HC-QAM) has 25% higher spectral efficiency than single-cycle quadrature
amplitude modulation (SC-QAM). Both cases have been demonstrated
with smart implementations with commercial available XOR-gates in [21]
and Paper 12. Fig. 1.11 shows the structure of the SC-QAM transmitter
setup for VCSEL modulation. A SC-4QAM signal is generated by XOR-
gating a NRZ-OOK signal with the signal rate clock. Notice that, for re-
search proposes, independent I and Q components are emulated by using
both outputs of the XOR-gate and de-correlating the branches by delay-
ing one of them. The multilevel block shown in Fig. 1.11 emulates two
independent multilevel SC-QAM branches to generate a SC-16QAM. Sev-
eral XOR-gates are required for independent data modulation of I and Q
components and multilevel configuration. half-cycle quadrature amplitude
modulation (HC-QAM) transmitter setup is similar to Fig. 1.11, but it uses
a half signal rate clock to the XOR-gate.

1.5.3 Discrete multitone modulation

discrete multitone (DMT) is a baseband multicarrier modulation that is
capable of high-speed transmission with VCSEL. Although DMT has not
been part of the work included in this thesis, high speed modulation of
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VCSELSs with DMT has been reported [22]. DMT uses multiple orthogonal
subcarriers to divide the available bandwidth in narrow bands and trans-
mits the data from all bands in parallel. Fig.1.12 shows a representation in
time and frequency domain of a DMT signal with 4 subcarriers. QAM is
used as a modulation format for each subcarrier. The DMT transmitter em-
ploys an inverse fourier transform (IFT) to generate orthogonal subcarriers.
At the receiver side, fast fourier transform (FFT) is used to demodulate
the transmitted data from each subcarrier. Orthogonal subcarriers allow
for independent subcarrier demodulation. DMT uses cyclic prefix to avoid
inter-symbol interference (ISI) and inter-carrier interference (ICI) caused by
dispersion, and training symbols to estimate and equalize the channel. An
important feature of DMT is to offer flexible modulation order for each sub-
carrier, therefore it is possible to allocate the number of bits and power per
subcarrier, depending on the SNR of each subcarrier (a technique known as
bit loading). The main drawback of DMT is the high peak-to-average power
ratio (PAPR). PAPR is proportional to the number of subcarriers, and it
reduces the average power of the DMT signal driving the VCSEL. Ampli-
tude clipping of the DMT signal reduce PAPR and increase the average
electrical power of the DMT signal into the VCSEL light source [23], [24].
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Figure 1.14: In-phase CAP filter Figure 1.15: Quadrature CAP filter

1.5.4 Carrierless amplitude phase modulation

Carrierless amplitude phase (CAP) modulation was proposed in 1975 by
Bell Labs as a viable modulation technique for high-speed communication
links over copper wires [25]. It was derived from QAM and can be consid-
ered its variation, although there are fundamental differences in its gener-
ation and detection. Fig. 1.13 shows the general block diagram of a two-
dimensional CAP transmitter and receiver. The incoming data is encoded
into multilevel symbols. The multilevel symbols are shaped by orthogonal
filters, which represent different dimensions resulting in orthogonal wave-
forms. The orthogonal waveforms are combined and low pass filtered. For
two-dimensional CAP, an option for the shape of the orthogonal filters is
the product of a square-root raised cosine filter (SRRC) with a sine or cosine
waveform,

f1(t) = hsrro(t) - cos(2m f.t) (1.22)
f2(t) = hsrro(t) - sin(27 fet) (1.23)

where f1(t) and fa(t) are the in-phase and quadrature filters. Fig.1.14 and
Fig. 1.15 show the filter shapes. At the receiver side, matched filtering is
used to recover each dimension. Higher order dimension CAP is achieved
by using more than two orthogonal filters. However, the filter design with
optimized orthogonality is challenging to obtain for higher orders [26]. The
number of bits per symbol with CAP modulation is k = D - loga(L), where
D is the number of dimensions, and L is the number of levels in each
dimension. An important design parameter in a CAP system is the roll-off
parameter of the SRRC filter, with a design trade-off between bandwidth
occupation and inter-symbol interference (ISI).
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1.5.5 Ultra-wideband modulation

Ultra-wide band (UWB) is a short-range high-speed wireless communication
technology with an extremely low power spectral density (PSD) radiation in
order to co-exist with existing in-band wireless systems without interference.
Compliance with the Federal Communications Commission (FCC) requires
an equivalent isotropically radiated power (EIRP) power emission below
-41.3 dBm/MHz on a wide spectral band from 3.1-10.6 GHz for ultra-wide
band (UWB) systems [27]. Impulse-radio ultra-wideband pulse-shapes of
high order derivate of a Gaussian function have been proposed for fulfillment
of FCC regulation [28]. The 5! order derivative of the Gaussian pulse has
the best fitting with the FCC mask. The function describing the pulse is,

1o 10t3 15t 12
ty=A|(— + - exp | ——= 1.24
y(t) < onoll  \27wo? 27TU7> P ( 202) ( )

where the optimum standard deviation, o, is 60 ps and A is used to nor-
malize the pulse amplitude. Fig.1.16 shows the 5-order Gaussian pulse
in the time domain and Fig.1.17 shows the corresponding power spectral
density (PSD). The spectrum of a 5"-order derivative Gaussian pulse is
effectively compliant with the FCC indoor mask. Current VCSEL can sat-
isfy the bandwidth emission of UWB technology, with frequency occupation
between 3 - 10 GHz. Moreover, the low driving current and power emission
of the VCSEL agree with low consumption and power emission of UWB
systems.
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1.6 State-of-the-art analysis

1.6.1 VCSELs

Active efforts to improve VCSEL are currently taking place in both academia
and industry. To analyze the state-of-the-art in VCSEL light sources for
optical communications we should distinguish between different wavelength
ranges, since they require different technologies and they face different chal-
lenges. At 850 nm, Chalmers University presented a VCSEL with a -3 dB
bandwidth of 28 GHz at room temperature and has used it to demonstrate
error-free direct modulation up to 44 Gb/s [29]. IBM and Finisar have ex-
perimentally demonstrated direct modulation up to 55 Gb/s with a VCSEL
with -3 dB bandwidth of 23 GHz [30]. At 980 nm, University of Califor-
nia, Santa Barbara demonstrated 35 Gb/s direct VCSEL modulation in
2009 [31]. Recently, 44 Gb/s at 25°C' [32] and 38 Gb/s at 85°C' [33] have
been demonstrated by the Technical University of Berlin. The same group
has also reported a record transmission of 49 Gb/s at an operating temper-
ature of —14°C. At a 1100 nm walength, 40 Gb/s has been demonstrated
with a InGaAs-based VCSEL already in 2008 by NEC [34]. In the 1300 nm
band, 30 Gb/s operation has recently been demonstrated on an InP-based
VCSEL by the Technical University of Munich [35]. VCSEL transmission
over 10 km SMF at 30 Gb/s was demonstrated, due to the low chromatic
dispersion of the fiber on this wavelength range [35]. At 1550 nm, back in
2009, 22 Gb/s was demonstrated by University of California, Berkeley [36].
Recently, 35 Gb/s [37] and 40 Gb/s operation has been demonstrated with a
19 GHz 3-dB bandwidth VCSEL by the Technical University of Munich [38].

1.6.2 Coherent passive optical networks

During the last years, coherent detection has been gaining attention for
next generation access networks. NEC Laboratories has shown multiple
demonstrations on coherent detection with orthogonal frequency-division
multiplexing access (OFDMA) transmission [39] [40] [41]. In [39], 108 Gb/s
transmission over 20 km SMF on a single wavelenght is achieved by fre-
quency multiplexing 18 Gb/s OFDMA signals, employing external mod-
ulated external cavity lasers (ECLs) and heterodyne coherent detection.
In [41], a similar approach is combined in a WDM system with 25 chan-
nels to achieve a total capacity of 1.2 Tb/s. In 2010, NTT demonstrated
10 Gb/s quadrature phase shift keying (QPSK) transmission over 20 km
SMF [42]. In [42], external modulation of a distributed feedback (DFB)
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laser is used for the transmitter, and a VCSEL light source as LO [42],
and a digital processing technique for phase noise cancellation. In 2011,
Nokia Siemens Networks demonstrated a filterless ultradense-WDM-PON
system with channels spacing of 2.8 GHz by using coherent detection and
real time processing in a FPGA [43]. In [43], 64 channels at a bitrate up
to 1.2 Gb/s per channel are demosntrated. Other approaches on coherent
PONs use reflective semiconductor optical amplifiers (RSOAs) [44], [45].
In [44], 10 Gb/s QPSK over 80 km SMF in a RSOA-based WDM-PON
has been demonstrated by KAIST, employing self-homodyne coherent de-
tection and offline digital signal processing. In 2012, University Colleague
of London presented a 10 Gb/s QPSK coherent PON based on a monolithi-
cally integrated C-band tunable digital supermode (DS) DBR [46]. In [46],
externally modulated DBR laser, with polarization multiplexing emulation
and parallel digital signal processing is employed.

1.6.3 Advanced modulation formats for VCSELSs

4-level pulse amplitude modulation (PAM-4) of 850 nm VCSELs has been
reported in [47] and [48]. In [47], Chalmers University of Technology demon-
strated 30 Gb/s over 200 m multi-mode fibre (MMF) with real-time error
measurement. In [48], 32 Gb/s was demonstrated by University of Cam-
bridge with pre-distortion of the electrical signal to improve the VCSEL
response. On discrete multitone (DMT), modulation up to 30 Gb/s was
demonstrated over 500 m of MMF on a 850-nm VCSEL [22]. In [22], the
spectral bandwidth occupation is 6 GHz, with bit loading implementation,
achieving high spectral efficiency by modulating 150 subcarriers up to 128-
QAM for the best SNR subcarriers. On carrierless amplitude phase (CAP),
although not on a VCSEL, optical transmission with direct modulation up
to 40 Gb/s was presented by University of Cambridge [49]. In [49], CAP-16
generation is done with two transversal filters. Recently, multidimensional
CAP has been demonstrated on VCSELs by the Technical University of
Denmark at low bitrates below 1 Gb/s [50]. On quadrature amplitude mod-
ulation (QAM), single cycle 16-QAM direct modulation of a 850 nm VC-
SEL at 37 Gb/s was presented by Chalmers University of Technology [21].
In [21], the inphase and quadrature signals are generated by a XOR gate,
with the baseband data in one input and data clock in the other input.
The advantage of this method comes from the simplicity of the high-speed
transmitter, using a commercially available XOR gate. While both elec-
trical and photonic generation of UWB signals have been researched [51],
in particular for VCSELs, electrical generation and directly modulation has
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mostly been employed. Direct current modulation of a 1.5 and 1.3 m VCSEL
with multi-band orthogonal frequency-division multiplexing (MB-OFDM)
UWB was presented by University of Essex on a bi-directonal system at
480 Mb/s [52]. In 2011, an experimental demonstration of impulse-radio
ultra-wide band (IR-UWB) with a 850 nm VCSEL was presented by using
a prototype notch filter cutting off the critical 3.1 GHz band [53]. VCSEL-
based IR-UWRB signal in the 60-GHz radio band has also been presented by
the Technical University of Denmark [54].

1.7 Beyond state-of-the-art

The work presented in this thesis has significantly extended the state-of-
the-art in the areas of coherent PONs by using non-conventional coherent
techniques based on exploiting chirping on directly modulated VCSELs.
Paper 1 and Paper 2 are, to the author knowledge, the first demonstra-
tion of a coherent detection system using a VCSEL as a transmitter optical
light source. My work presented in Paper 3 extends previous results on
VCSEL-based coherent links [42], by replacing the low-linewidth LO laser
used on Paper 1 and Paper 2, therby showing, for the first time, a co-
herent PON link fully based on VCSEL light sources. Paper 4 and Paper
5 reduce complexity of the coherent detection receiver configuration and
implement real time demodulation. These results represented a improve-
ment of two times capacity and lower complexity compare to previous real
time coherent demonstrations [43|. Finally, Paper 6 combines previous
work to experimentally demonstrate a PON link fully based on VCSELs,
at 10 Gb/s transmission with a simplified coherent receiver scheme using
realtime demodulation. The work in this thesis also extends the state-of-
the-art in the area of advanced modulation formats and high-speed short
range systems based on VCSELs. I have investigated multiple modulation
formats on optical systems to increase capacity, efficiency, or to introduce
novel modulation formats with advantages and new applications on optical
systems. At publication date, Paper 7 showed the highest capacity ever
transmitted with a directly modulated VCSEL. In Paper 7 and Paper 8,
we extend the previous work done in PAM-4 modulation with VCSEL for
high-speed optical short range links [47] [48]. We demonstrated 25 Gbaud
PAM-4 modulation on a 1550 nm VCSEL achieving 50 Gb/s directly mod-
ulation on VCSEL. The capacity of the system is increased to 100 Gb/s by
polarization multiplexing (PolMux) emulation system emulation and for-
ward error correction techniques. Paper 9 proposes a system based on
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four PAM-4 modulated VCSELs to migrate 4-lanes 56 Gb/s optical data
links to a compact WDM link. Paper 10 and Paper 11 presents a 50
GHz spaced WDM-PON link using CAP modulation for high spectral ef-
ficient optical network unit (ONU). Paper 10 is the first demonstration
of CAP modulation on VCSEL. Paper 12 extend previous work done on
QAM directly modulated VCSELs [21] introducing half cycle QAM modu-
lation. Half-cycle QAM increases in 25% the spectral efficiency compared
to previous approaches based on single-cycle QAM. Paper 12 is the first
demonstration of SC-QAM with VCSELs or any optical source. Paper 13
introduce for the first time bipolar IR-UWB improving spectral occupation
and increasing wireless distance and capacity of previous work [52], [51].
Paper 13 presents a 2 Gb/s UWB system based on VCSEL light sources
with optical fiber distribution over 25 km SMF and 4 meters air transmis-
sion for applications in hybrid optical fiber-wireless transmission links.

1.8 Main contributions of the thesis

The main contributions of this thesis are in the area of coherent detec-
tion using VCSEL sources for applications in next generation optical access
networks, and on signal generation techniques using advanced modulation
formats with VCSEL light sources for applications in high speed data com-
munication links.

First, this thesis proposes and experimentally demonstrates a coherent de-
modulation approach for optical access networks with a simple receiver con-
figuration exploiting frequency chirping of direct current modulated VC-
SELs. All-VCSEL-based coherent detection PON link at 10 Gb/s data
transmission over 20 km SMF transmission distance is reported with real-
time demodulation. Secondly, it contributes on exploring signal generation
techniques with advanced modulation formats in VCSEL- based systems
for high- speed data optical links. Directly modulation of a VCSEL light
source at 50 Gb/s is reported with 4 levels pulse amplitude modulation.
Link capacity is increased to 100 Gb/s by using polarization multiplexing
emulation and forward error correction techniques.



Chapter 2

Description of papers

This thesis is based on a set of articles already published or accepted for
publication in peer-reviewed journals and conference proceedings. These ar-
ticles present the results obtained during the course of my doctoral studies,
combining theoretical analysis, simulation and experimental results. The
papers are grouped in two categories: coherent detection schemes based
on VCSELs in PONs (PAPER 1 to PAPER 6) and advance modulation
formats with VCSEL light sources (PAPER 7 to PAPER 13).

2.1 Coherent detection based on VCSELSs for
access networks

The papers presented on this first section summarize the research during
my Ph.D. on coherent detection using VCSELs. The papers are organized
in the same order the experiments were carried out. Publication dates do
not completely follow the same order due to varying publication speeds of
journals. Each individual paper has its own goal and advance respect to
the previous one, however the constant goal while doing all of them was to
investigate on the possibilities and advantages that coherent detection can
offer on passive optical networks (PONs). We have focused on using VCSEL
light source, and we removed the traditional idea that only low-linewidth
lasers and complicated receivers are feasible for coherent detection. We
started by using VCSELs as the transmitting light sources. Then, we im-
plemented an all-VCSEL based optical system with conventional coherent
detection receiver scheme including digital signal processing (DSP). Finally,
we simplified the coherent detection receiver and implemented real-time de-
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modulation.

PAPER 1 - VCSEL transmission with a coherent receiver.

In this paper, we reported on experimental demonstration of digital coher-
ent detection based on a directly modulated VCSEL with bit rate up to 10
Gb/s. This system allows a cooler-less, free running, and optically unampli-
fied transmission without optical dispersion compensation up to 105 km at
5 Gb/s long reach passive optical links. The system uses a conventional co-
herent receiver with a external cavity tunable laser as a local oscillator. The
receiver optical power sensitivity and optical power margin are increased by
13 dB compare to direct detection. This is especially advantageous for scal-
ing the uplink of PONs by placing the low cost VCSEL at the customer
premises, whereas the more complex coherent receiver at the central office.

PAPER 2 - FEztending reach and going bidirectional.

In this paper we present 5 Gb/s bidirectional 40 km SMF link transmission
with coherent detection of directly modulated 1550nm VCSELs. Through
the use of digital signal processing for demodulation and dispersion com-
pensation, receiver sensitivities of -37.3 dBm downstream and -37.7 dBm
upstream was achieved with no use of optical amplifiers or optical dispersion
compensation. At a launch power of 0.6 dBm and 7.7 dB fiber loss, a system
margin of 30 dB was achieved, corresponding to the loss of a record passive
splitting ratio of 1024. This experiment uses conventional coherent receiver
with a external cavity tunable laser as a local oscillator. The reported ex-
periments demonstrate the potential for coherent detection in bidirectional
access links employing directly modulated VCSEL transmitters.

PAPER 3 - Fully VCSEL-based: Tx and LO VCSEL.

We report on experimental demonstration of a digital coherent detection
link fully based on VCSELs for the transmitter as well as for the local
oscillator light source at the receiver side. We demonstrate operation at
5 Gb/s at a 1550 nm wavelength with record receiver sensitivity of -36
dBm after transmission over 40 km SMF. Signal processing algorithms were
implemented to digitally compensate for the frequency offset between the
transmitter and the local oscillator VCSELS, and for chromatic dispersion.
This system allows for uncooled VCSEL operation and fully passive fiber
transmission with no use of optical amplification or optical dispersion com-
pensation.This is, to the best of our knowledge, the first demonstration of
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coherent optical transmission systems using a VCSEL as the local oscillator
as well as for the transmitter light source. The results show the potential for
coherent systems to be implemented with low cost optical sources, thereby
overcoming one of the main drawbacks of coherent systems for access net-
works.

PAPER 4 - Simple coherent detection receiver with 1.3 um VCSEL.
This papers present a full 1.3 um VCSEL-based link with a simplified co-
herent detection receiver. We demonstrate up to 5 Gb/s. Received optical
power sensitivity of -34 dBm at bit error rate (BER) below the forward
error correction (FEC) limit correction of 2.2 - 1072 is achieved over 40 km
SMF, resulting in a high splitting ratio of 95 with no optical amplifica-
tion or dispersion compensation. Compared to previous work, this paper
presents a simplified receiver scheme where we substitute the 90 degree hy-
brid and balanced photodiodes of conventional receiver, by a 3 dB coupler,
a PIN photodiode and a envelope detector done on DSP. The simplicity of
our proposed coherent approach is intended to overcome the complexity of
conventional coherent systems for access networks.

PAPER 5 - Getting to real-time implementation.

This paper presents an experimental demonstration of a real-time imple-
mentation for the simplified coherent receiver presented previously in PA-
PER 4. VCSEL-based optical link with a simplified real time coherent
detection receiver at 2.5 Gb/s is demonstrated. Receiver sensitivity of -
37 dBm is achieved proving splitting ratio up to 2048 after 17 km fiber
transmission. The real time implementation was done by using a simple
XOR-gate and a filter at the receiver for envelope detection.

PAPER 6 - Fuaster, longer and all-VCOSEL based real time detection.

In this paper, we use the real time receiver demonstrated in PAPER 5
on a 10 Gb/s all-VCSEL based coherent PON link. Receiver sensitivity
of -33 dBm is achieved after 25 km SMF, allowing for a passive splitting
ratio of 199. The potential cost reduction and good performance of our
proposed approach make VCSEL-based coherent PONs a strong candidate
for application in future PONs. Future work on this approach will be adding
more transmitting channels implementing a WDM system.
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2.2 Advance modulation formats for VCSEL base
optical networks

The second section is a compilation of experiments I have performed on
advanced modulation formats during my Ph.D. All the papers investigate
on modulation formats that have advantages in specific applications. De-
pending on the scenario, we want to asses total capacity, or high spectral
efficiency or power consumption. PAPER 7 - 9 pursue the highest ca-
pacity on a high-speed VCSEL and on a 4-lines L-band VCSEL system.
PAPER 10 - 12 focus on increase spectral efficiency since we are limited
by the electrical modulator. PAPER 13 investigates IR-UWB modulation
for low power consumption and low interference approach for application in
hybrid optical-wireless networks.

PAPER 7, PAPER 8 - PAM-/ to increase capacity per VCSEL.

In this two papers we present an experimental demonstration of high-speed
4-level pulse amplitude modulation on a 1.5 um VCSEL light source. We
achieved 50 Gb/s per polarization by using PAM-4 modulation, and a to-
tal linerate of 100 Gb/s by polarization multiplexing emulation over 100 m
SMF. PAPER 8 includes longer explanation on the experimental setup,
VCSEL characteristics and forward error correction used. Error free demod-
ulation of 1.6 - 108 bits was achieved after forward error-correction with an
effective bitrate of 86.5 Gb/s. The system reduces the number of channels
needed to reach an aggregated capacity by increasing bandwidth efficiency
and including error correction capability. Scaling by 4 the proposed sys-
tem, by either spatial or wavelength multiplexing, is a candidate solution
to provide future standards capacity of 400 Gb/s.

PAPER 9 - J-lines WDM PAM-4 to increase total capacity.

In this paper we report an experimental demonstration of 4x14 Gb/s L-
band VCSEL-based WDM transmission over 10 km of SMF. We achieve
successful transmission of four channels with 4-level pulse amplitude modu-
lation at 7 Gbauds with post-FEC (7% overhead) error free operation. The
crosstalk power penalty was measured to be 0.5 dB and the power budget
margin ranges between 6 dB and 7 dB. Our results show the potential of
the reported system to migrate 4-lanes 56 Gb/s data links into a compact
WDM link.

PAPER 10 , PAPER 11 - CAP-16 on WDM-PON link.
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In this paper we propose and experimentally demonstrate directly modula-
tion of CAP-16 in commercially available VCSELs for applications in next
generation WDM-PON access networks. The system is evaluated with 4
close spaced WDM channels at 1.25 Gb/s each, with a spectral efficiency of
4 bit/s/Hz, for a total bitrate of 5 Gb/s over 26 km fiber transmission. All
the channels achieved receiver power sensitivity below -24 dBm. In PA-
PER 11 we have included simulation on the requirements of number of
filter taps and amplitude level resolution for CAP signals generation. CAP
allows for scalability in multilevel and multidimension. Therefore, CAP
can potentially reach high spectral efficiency. For a given bit-rate, higher
spectral efficiency results in lower bandwidth occupation allowing for close
channel spacing without crosstalk. We believe direct CAP modulation of
VCSEL light sources is a candidate for next generation PONs and short
range systems.

In PAPER 12 - Half-cycle QAM modulation in VCSEL.

In this paper we have investigated in QAM modulation utilizing sub-cycle
subcarrier for VCSEL-based optical links to improve spectral efficiency. The
transmission of 10-Gb/s 4-QAM data in 7.5- GHz electrical bandwidth over
20-km single mode fiber was demonstrated with BER below the FEC limit
and only 2.5-dB power penalty. Half-cycle signals have superior dispersion
tolerance compared to NRZ-OOK signals at the same data rate. Spectral
efficiency can be improved by increasing the number of levels of the QAM
signal. Both the transmitter and the receiver can be implemented using
available electronics. Half-cycle subcarrier QAM modulation has potential
for applications in high-speed PON networks as well as high-performance
data centers.

In PAPER 13 - Wireless transmission with UWB modulation in VCSELs.
This paper presents a system approach based on VCSEL light source for
distributing high-speed IR-UWB signals in an energy efficient communica-
tion system.In this paper we demonstrate for the first time bipolarity on the
UWRB signal to eliminate spikes in the IR-UWB spectrum at the repetition
rate frequency. By eliminating all amplifiers for the optical transmission
part as well as for the wireless transmission part (apart from a single am-
plifier after the receiving antenna), system complexity and power consump-
tion have been considerably reduced. With our proposed scheme, a 2 Gb/s
IR-UWRB signal was transmitted over 25 km SMF and a 2 meter in-home
wireless link with no errors detected, and a BER of 4.99-104 after 4 meters
wireless transmission.
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Conclusions and future work

3.1 Conclusions

This PhD thesis addresses the design and performance evaluation of VCSEL-
based coherent passive optical networks (PONs). It addresses as well as
the utilization of advanced modulation formats with VCSEL light sources
for local area networks (LANs) and wide area networks (WANs). The re-
search results presented in this thesis are pioneering in the area of coherent
detection PONs,; high-speed interconnects and advanced modulation for-
mats with VCSEL light sources. This thesis presents the first experimen-
tal demonstration of a coherent detection link fully based on VCSEL light
sources with a simplified receiver configuration and real time demodulation
at 10 Gb/s over 20 km SMF transmission distance. This thesis reports
record transmission capacity on a direct current modulated VCSEL with 50
Gb/s on a VCSEL -3 dB bandwidth of > 20 GHz by using PAM-4 modula-
tion. This thesis introduces first VCSEL-based PON links with HC-QAM
and CAP modulations up to 10 Gb/s and 1.25 Gb/s, respectively. The
work in this thesis shows for the first time bipolar IR-UWB signal gener-
ation with VCSELs light sources achieving 2 Gb/s data transmission over
25 km SMF and 4 meters air transmission.

3.1.1 VCSEL-based chirp-assisted ASK coherent access
networks

Intensity-modulated with coherent detection links are shown in this the-
sis to be a prospective alternative to traditional intensity-modulated with
direct detection systems for the longer transmission distance and higher
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number of users required in next generation access networks [55|. PAPER
1, PAPER 2 and PAPER 3 provide an experimental demonstration of the
capabilities of VCSEL light sources in coherent detection PON links. Bet-
ter received power sensitivity is achieved by exploiting adiabatic frequency
chirping to improve signal extinction ratio. Traditionally low-linewidth edge
emitting lasers have been used for coherent detection. The results presented
in this thesis experimentally shows that VCSELs can be used in coherent
systems with ASK modulation. Although ASK coherent systems have the-
oretically lower sensitivity than PSK coherent systems [18] they allow for
direct current modulation of VCSEL light sources, less complex receiver
schemes, and higher robustness to phase noise as it is shown in PAPER
4 and PAPER 5. PAPER 6 presets a collaboration work with Huawei
and shows the benefits in overall optical power budget of a system at 10
Gb/s compare to direct detection schemes. However, polarization matching
of LO with the received signal and close wavelength emission are required
to maximize the performance of the system on our experiments.

3.1.2 Advanced modulation formats on VCSELs
Advanced modulation formats such as PAM-4, HC-16QAM, and CAP-16

provide, 2, 3 and 4 times higher spectral efficiency, respectively, compare to
NRZ-OOK modulation. Multilevel pulse amplitude modulation (PAM-M)
represents a feasible solution to achieve high speed data transmission in
short-range optical links with current technology. Direct modulation up to
50 Gb/s has been demonstrated in PAPER 7 and PAPER 8 using PAM-4
at 25 Gbaud. The capacity is increased to 100 Gb/s by using polarization
multiplexing (PolMux) emulation and adaptive error correction. This sys-
tem reduces by 4 the number of channels to reach future aggregated capac-
ity of 400 Gb/s compare to non return-to-zero on-off keying (NRZ-OOK)
with the same bandwidth. The results in PAPER. 9 show the potential to
use four wavelength multiplexed channels at 7 Gbaud with PAM-4 signals
over 10 km SMF transmission to migrate 4-lanes 56 Gbps data links into
a compact WDM link. PAPER 10 and PAPER 11 demonstrated direct
current modulation of 2-dimensional CAP-16 in VCSEL light sources, with
a spectral efficiency of 4 bit/s/Hz in a WDM link. The system is evaluated
with 4 channels 100 GHz spaced at 1.25 Gbps each, for a total bitrate of
5 Gbps over 26 km SMF transmission. CAP has lower transmitter and
receiver complexity compared to modulation formats with carrier. Direct
CAP modulation of VCSELs allows for very high spectral efficiency by in-
creasing the number of levels and dimensions. PAPER 12 demonstrate
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10-Gbps data transmission over 20-km SMF with 4-QAM modulation with
a VCSEL light source. HC-QAM improves the use of spectral bandwidth of
the VCSEL with a 25% higher spectral efficiency than conventional QAM
modulation formats. It has superior optical fiber chromatic dispersion toler-
ance than NRZ-OOK or SC-QAM modulated signals at the same data rate.
From results in PAPER 10, PAPER 11 and PAPER 12 we conclude
that HC-QAM and CAP modulation techniques with VCSEL light sources
can provide high-speed data transmission with lower impact in the perfor-
mance from optical fiber chromatic dispersion for application in high-speed
optical access networks. However, advanced modulation formats increase
the complexity of the transmitter and add a power penalty on receiver
sensitivity [56]. PAPER 13 demonstrated a 2 Gb/s IR-UWB signal trans-
mitted over 25 km SMF and a 4 meters wireless link. IR-UWB modulation
is shown to be a feasible solution to transport wireless signals over fiber pro-
viding transparent optical-to-wireless signal conversion. This approach is
an attractive solution for hybrid optical-wireless access networks providing
wireless connectivity to the end user with low power consumption.

3.2 Future work

In this section I would like to provide a view of future work that could be
pursued in the area of coherent detection access networks and on high speed
optical short range systems with VCSEL light sources.

3.2.1 Flexible coherent detection WDM acces networks

WDM-PON is the leading candidate technology for next generation access
networks beyond 10 Gb/s [20]. Coherent demodulation has demonstrated to
provide longer reach and higher passive splitting ratio, enabling reduction
of network nodes and therefore simpler network architectures. However,
it has to come together with more dense and flexible channel allocation
on WDM-PON systems in order to provide service to the higher number
of users per network node. Future work could cover implementation of
coherent detection WDM-PON links based on tunable VCSEL light sources.
High flexibility and close channel allocation can potentially be achieved.
Minimum frequency spacing and crosstalk between channels, VCSEL light
sources tunability range and maximum number of channels simultaneously
transmitted should be investigated.
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3.2.2 Towards 400 Gb/s systems

There is an unstoppable demand for higher data transmission capacity for
optical interconnects and short-range optical systems. Higher spectral effi-
cient systems have to be developed to satisfy future rates at 400 Gb/s and
beyond. Future work could continue the investigation of this thesis increas-
ing the modulation order and data transmission rate of CAP, HC-QAM and
PAM-M modulations in VCSELSs. Moreover, future work could explore new
modulation techniques in VCSEL light source to increase capacity. Paral-
lelization of several optical fiber channels and multicore fiber transmission
with different core distribution patterns will also need to be considered and
researched for future high-speed optical links based on VCSEL light sources.
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ABSTRACT: We report on experimental demonstration of digital
coherent detection based on a directly modulated vertical-cavity
surface-emitting laser with bit rate up to 10 Gbps. This system allows a
cooler-less, free running, and unamplified transmission without optical
dispersion compensation up to 105 km at 5 Gbps long reach passive
optical links. © 2011 Wiley Periodicals, Inc. Microwave Opt Technol
Lett 53:2462-2464, 2011; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.26331
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1. INTRODUCTION

Emerging high bandwidth demanding services, such as high def-
inition television (HDTV), are calling for capacity upgrade of
existing and to be deployed fiber-to-the-customer (FTTC) net-
works [1]. Another challenge for FTTC networks is the need to
support a growing number of end-users while keeping low the
overall cost of delivered unit of bandwidth. Therefore, in FTTC
architectures such as passive optical network (PON) architec-
tures, it is important to reduce the cost of the optical network
unit and concentrate complex signal processing at the central
office, where complexity and cost can be shared among all
users. Vertical-cavity surface-emitting lasers (VCSELs) are
promising candidates for light sources at the customer premise
because of their cost-effective production and capability for chip
integration with low threshold and driving current operation.
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Figure 1 Experimental setup. Local oscillator (LO), polarization
controller (PC), and digital sampling oscilloscope (DSO). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

Compared with DFB-lasers, the main challenge for VCSELs so
far is the smaller optical power coupled into the optical fiber,
which restricts the coverage range for application in PON links
with a large splitting ratio and long transmission distance. A
common solution for this power budget limitation would be to
include optical amplifiers [2] that drastically would undermine
the cost advantage of VCSELs. Until now, fiber transmission
systems using VCSELs employ direct detection.

In this article, for the first time to our best knowledge, we
experimentally demonstrate the use of digital coherent detection
of a 10 Gbps amplitude shift keying system using a VCSEL as
light source. Commonly, the typical large linewidth value of
VCSELs has made them not suitable for coherent detection [3].
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Figure 2 Optical back-to-back direct detected eye diagrams for (a) 10
Gbps and (b) 5 Gbps. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 3 Optical direct detected eye diagrams for (a) 10 Gbps after 25
km SMF and (b) 5 Gbps after 60 km SMF. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

Using digital signal processing (DSP) algorithms, however, we
demonstrate that these limitations can be overcome. Our experi-
mental results show an increase of the receiver sensitivity up to
—34 dBm after 105 km of fiber transmission with no optical
amplification or optical dispersion compensation.

2. EXPERIMENTAL SETUP

Figure 1 shows a simplified scheme of our experimental setup
and its relation to the application to a FTTC scenario. A signal
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Figure 4 Bit-error rate curves for 10 and 5 Gbps. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com]
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pattern generator directly modulates a 1550 nm VCSEL. The
VCSEL has a measured linewidth of 350 MHz. A balance
drive configuration is used for the VCSEL with a driving
peak—peak voltage of 1.4 V. A pseudorandom binary sequence
of length of 2'°1 is used for this experiment. The output
power of the VCSEL launched into the fiber is measured to be
0.6 dBm. The fiber lengths used for transmission experiments
are 105 and 25 km of standard single mode fiber for 5 and 10
Gbps, respectively. The coherent receiver consists of a 90° op-
tical hybrid and two pairs of balanced photodiodes. The local
oscillator (LO) is generated by an external cavity laser set to
1550 nm and tuned to match the wavelength belonging to the
transmitted ones. Phase and quadrature components are stored
with a digital sampling oscilloscope (DSO). DSP is performed
offline, consisting of a digital dispersion compensation and en-
velope detection; therefore, there is no carrier or phase estima-
tion. The performance is assessed by bit-error rate counting as
a function of optical received power, whose value is set using
an optical variable attenuator placed before the coherent re-
ceiver; see Figure 1.

3. RESULTS

Figure 2 shows the optical eye diagram for a back-to-back
(B2B) configuration. The bias point of the VCSEL was opti-
mized for a maximum extinction ratio while the pulse over-
shooting is minimized. The extinction ratios were measured to
8.49 dB at 5 Gbps and 6.78 dB at 10 Gbps. For illustration pur-
poses, Figure 3 shows the eye diagrams, using direct detection,
after 25 and 60 km fiber transmission for 10 and 5 Gbps, respec-
tively. We want to emphasize that for 5 Gbps, the coherent
detection experiment was performed over 105 km SMF, though,
for the illustration of the dispersion effect in Figure 3 and due
to the sensitivity of the oscilloscope, we show it for 60 km
SMF, where we already can see that the eyes diagrams were
completely closed because of chromatic dispersion. However,
after using DSP to compensate for chromatic dispersion and
using adaptive decision thresholding, the signals can be success-
fully demodulated. Figure 4 shows the bit-error rate (BER)
curves for 5 and 10 Gbps for B2B and fiber transmission with
coherent detection. Considering as a reference the forward error
correction limit of BER < 1077, the receiver sensitivity was
measured to be —34 dBm for 5 Gbps after 105 km SMF and
—31 dBm for 10 Gbps after 25 km SMF. Compared with the
B2B case, there is a 2 dB penalty, whose attribution will be
investigated in the future. Figure 4 also shows the BER curve
for 5 Gbps B2B with direct detection, to compare in terms of
sensitivity, coherent detection with direct detection performance
with VCSELs. The receiver sensitivity with coherent detection
was measured to be 13 dB higher than direct detection.

4. CONCLUSIONS

We present experimental results, for the first time, demonstrat-
ing the feasibility of using VCSELs up to 10 Gbps with cooler-
less and free running operation in combination with digital
coherent detection as an advantageous solution for PONs with
no need for optical dispersion compensation or optical amplifi-
cation. BER curves are shown for fiber transmissions over 105
and 25 km SMF at 5 and 10 Gbps, respectively. The receiver
sensitivity is increased by 13 dB, and therefore, the power
budget margin is also increased. This is especially advantageous
for scaling the uplink of PONs by placing the low cost VCSEL
at the customer premises, whereas the more complex coherent
receiver at the central office.
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ABSTRACT: The design of a compact coplanar waveguide-fed
monopole antenna partially surrounded and coupled by a folded ground
strip is presented. By properly tuning the gap between the monopole
antenna and the ground strip, it is able to operate in the 5-GHz band
for wireless application. From the experimental results, a resonant mode
excited at around 5.5 GHz is observed with 10-dB bandwidth measured
from 4.88 to 6.3 GHz. Good radiation patterns with near
omnidirectional pattern in the azimuth plane are also observed. © 2011
Wiley Periodicals, Inc. Microwave Opt Technol Lett 53:2464-2466,
2011; View this article online at wileyonlinelibrary.com.
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1. INTRODUCTION

Planar antenna with coplanar waveguide (CPW) feed line pos-
sesses several advantages over the microstrip feed line, such as
lower radiation loss and ease in integration with monolithic
microwave integrated circuit [1]. Furthermore, when the CPW-
fed technique is applied to a slot or monopole antenna, a unipla-
nar structure and wide bandwidth characteristics can also be
observed. Therefore, this feeding technique is widely used in
small antenna designs for 5-GHz wireless application such as
the 5.8-GHz RFID application [2-5]. Nevertheless, though the
size of these antenna designs fabricated on a FR4 substrate can
be downsized to as small as 14 x 8 mm? [3], they are incapable
of covering the entire 5-GHz WLAN band. Hence, a compact
CPW-fed monopole antenna for 5-GHz band application is pro-
posed [6]; however, this design can only offer either the 5.2- or
the 5.8-GHz operating band by tuning the length of its radiating
element. To operate across the entire 5-GHz band, a folded-slot
antenna is therefore studied [7], but the size of this antenna is
twice of Ref. 6 at around 16.5 x 20 mm?.

Hence, in this article, the design of a compact-size (17.68 x
11.2 mm?) monopole antenna comprised a vertical monopole
top loaded by an inverted L-shaped radiating element is studied.
By extending a ground strips that fold around this monopole
antenna, the coupling effects occurred between both the

2464 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 53, No. 11, November 2011

radiating and the ground strip elements would allow a broad 10-
dB bandwidth of 25% that sufficiently covers the desired 5-GHz
band for wireless application. Details of the proposed antenna
designs are described, and typical experimental results are pre-
sented and discussed.

2. ANTENNA CONFIGURATION

Unlike the aforementioned designs [1-7] that built on a 1.6-mm
FR4 substrate (¢, = 4.4 and loss tangent 0.02), the proposed
antenna geometry as depicted in Figure 1 is printed on a 0.8-
mm-thick FR4 substrate. Here, a vertical monopole fed directly
by a 50 Q feed line is top loaded by an inverted L-shaped radi-
ating element. As for the narrow ground strip (with 1-mm
width) that extends from the far right side of the CPW ground
plane and folds partially around the L-shaped element, the gaps
(g1 and g,) that separates both elements will highly affect the
impedance matching of the resonant mode excited at around 5.5
GHz. It is also note worthy that the total size of the proposed
antenna is only 17.68 x 11.2 mm?,

3. EXPERIMENTAL RESULTS AND DISCUSSION

The measured and simulated return losses of the proposed
antenna are presented in Figure 2. Here, a good return loss of
around 41.8 dB is measured at the resonant frequency (5.485
GHz) of the proposed antenna, whereas its 10-dB bandwidth is
25.4% centered at 5.59 GHz. Furthermore, good agreements are
also demonstrated between both measured and simulated results,
and the slight discrepancies are mainly attributed by the SMA
connector and the unexpected tolerance during the process of
fabricating the proposed antenna. In Figure 2, it is obvious that
the good performances as aforementioned will be vanished

| 8.4 i

10.88

Figure 1 Geometry of the proposed CPW-fed monopole antenna (unit:
mm). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com]
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Abstract: Coherent detection of directly modulated 1550nm VCSELSs in 5Gbit/s bidi-
rectional 40km SSMF PON-links is presented. Receiver sensitivity of —37.3dBm after
transmission is achieved with 30dB system margin, corresponding to 1:1024 passive power-
splitting.

© 2010 Optical Society of America

OCIS codes: 060.4510, 140.7260, 060.1660.

1. Introduction

In next generation passive optical networks (PONs) for fiber to the home deployment (FTTH), bidirectional trans-
mission of symmetric uplink/downlink data capacity will be increasingly important due to the growth of intrinsically
bidirectional services such as on-line gaming and peer-to-peer networks. Moreover, for point-to-multipoint PONs,
there is a desire to increase the reach as well as the amount of users serviceable from a single central office. Indeed, a
passive splitting ratio of 1000 has been proposed for future PONs [1], a number unreachable by present PON technol-
ogy without the introduction of e.g erbium doped fiber amplifiers (EDFAs) and dispersion compensating fiber (DCF)
in the field; a solution which would be problematic in the access networks due to complexity and power consumption
issues. Moreover, an EDFA/DCEF based architecture does not lend itself well to single-fiber bidirectional transmission.

An alternative solution is to introduce coherent detection in access networks. By employing coherent detection, the
receiver sensitivity can be significantly increased [2], dispersion compensation can be performed in the digital domain
[3], and support for advanced modulation formats can be provided [4]. Moreover, as the current PON architecture based
on passive optical transmission and splitting can be maintained, graceful migration can be performed by upgrading
terminal equipment only with no changes in the optical fiber transmission path. Due to the cost sensitivity of optical
access system, however, present day coherent technologies based on external modulation needs to be simplified.

In recent years, a number of breakthroughs within the area of long wavelength vertical cavity surface emitting lasers
(VCSELs) have resulted in the emerge of 1550 nm VCSELs [5]. Due the cost-effectiveness and low drive voltage,
these are attractive candidates for future PONs. Coherent detection of VCSEL based signals have been presented [6],
albeit only with the employment external I/Q modulators; a solution which to some degree counteracts the cost and
energy efficiency of VCSELs.

We present what is, to the best of our knowledge, the world’s first demonstration of a bidirectional coherent detection
PON link employing directly modulated (DM) VCSELs operating at 1550 nm wavelength as transmitters. Our system
operates at 5 Gbit/s in both directions, and transmission is over a single, un-amplified 40 km standard single mode
fiber (SSMF) link with no use of optical dispersion compensation. Receiver sensitivity at the 2 x 1072 limit for forward
error correction (FEC) was better than —37 dBm, corresponding to an improvement of more than 17 dB over direct
detection using the same DM-VCSEL transmitter.

2. Experimental Setup

A block diagram of the bidirectional transmission system and optical spectra (a) and of the coherent/digital signal
processing (DSP) reciver (b) is shown in Fig. 1.

A pulse pattern generator directly modulates two uncooled VCSELs (VCSEL; at 1550.8 nm center wavelength
for downstream and VCSEL; at 1548.3 nm center wavelength for upstream) with a 5 Gbit/s pseudo random binary
sequence (PRBS) with a word length of 213 — 1. Driving voltage is 1 V peak-peak, and bias current of the VCSELs is
set to 12.4 mA for VCSEL; and 15.6 mA for VCSEL,. Adjustment of bias current and drive voltage is optimized by
maximizing the extinction ratio while minimizing the overshoot. The extinction ratio of the VCSELSs at the transmitter

©0ptical Society of America
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Fig. 1. Experimental setup of the bidirectional system (a) and the coherent/DSP receiver (b). VOA
is a variable optical attenuator, DSO is a digital storage oscilloscope with a samplig rate of 40
GSamples/s, LO is the local oscillator laser, and PC is polarization controllers.

is 6.8 dB measured with an oscilloscope. The different center wavelength of the two VCSELSs is due to bias current
dependence of a VCSELs emission wavelength. As the two VCSELs were not completely identical, and the bias
current was optimized for identical extinction ration and overshoot for the two VCSELSs, it was not possible to achieve
exactly identical optical spectrum and center wavelength for the two VCSELs. The optical power spectra of the two
VCSELSs combined with the local oscillator (LO) laser are shown as inserts in Fig. 1 (a).

The two VCSELs are connected to opposite ends of a 40 km SSMF transmission span via optical circulators so
that the received signal from VCSEL,; can be received at the site of VCSEL; and vise versa, while the two signals
are simultaneously counter-propagating in the fiber. Launch power into the fiber is 0.6 dBm in both directions; fiber
attenuation is 7.7 dB; and total chromatic dispersion is 640 ps/nm.

At the receiver input, the signal is attenuated, and the receiver input power is measured with a calibrated optical
power meter through a —20 dB directional coupler. After the coupler, the signal is mixed with light from a free running
external cavity laser (ECL) local oscillator (LO) in a 90° optical hybrid, and detected by two sets of balanced photode-
tectors. The received /; and Ip components of the signal are stored by a digital storage oscilloscope with a sampling
rate of 40 Gsamples/s.

The coherent detection is performed using intra-dyne detection, where the LO laser has a small frequency offset with
respect to the transmitter laser center frequency. The narrow linewidth LO laser can be identified within the broader
VCSEL spectra in Fig. 1 (a).

Demodulation of the data is performed by off-line digital signal processing (DSP), consisting of synchronization of
the received bits, chromatic dispersion (CD) compensation, envelope detection by squaring and low pas filtering, and
decision gating. Due to the chirp induced by the direct modulation of the VCSEL, optimum performance is achieved
by over-compensating by 425 ps/nm. This residual chirp-compensation is independent of fiber length (the same value
was used back to back and after transmission), and is therefore not expected to be a problem in system installations.
The effect of random frequency offset between the VCSELSs and LO laser does not effect the performance, as the DSP
perform envelope detection of the in-phase and quadrature components of the received field.

3. Results

The measured BER of the coherently detected signals before (B2B) and after bidirectional transmission over 40 km
SSMEF is plotted in Fig. 2 (a) together with the measured BER after direct detection of VCSEL; with no counter
propagating signal. Back to back receiver sensitivity at the FEC limit of 10~3 for the coherent detection case is
—37.7 dBm for VCSEL, and —-39.3 dBm VCSEL,. After 40 km transmission with the counterpropagating signal, the
receiver sensitivity is —=37.3 dBm and —37.7 dB for VCSEL; and VCSEL, correponding to transmission penalties of
0.4 dB and 1.6 dB. In order to benchmark these results against conventional direct detection unidirectional systems,
the BER of VCSEL is measured in this manner. The receiver sensitivities for VCSEL; employing direct detection are
—23.6 dBm B2B and —19.8 dBm after transmission, corresponding to a transmission penalty of 3.8 dB. The increased
transmission penalty using direct detection is due to chromatic dispersion, which for the coherent detection case was
compensated by DSP. This is confirmed by inspection of the direct detection eye diagrams in Fig. 2 (b) which show
severe waveform distortion after transmission. The low transmission penalty of the coherently detected signals shows
that the chromatic dispersion has been successfully compensated in the DSP. The improvement in receiver sensitivity
due to coherent detection for VCSEL; is 13.1 dB B2B and 17.5 dB after 40 km SSMF.
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Fig. 2. Measured BER back to back (B2B) and after 40 km SSMF bidirectional transmission. Direct
detection (DD) direction, single transmission using VCSEL is included for reference.

As the launch power is 0.6 dBm, and total fiber loss is 7.7 dB, the presented bidirectional coherent system provides
a system margin above 30 dB, corresponding to a passive spitting ratio of 1024. This is a dramatic improvement over
the direct detection margin of 12.7 dB corresponding to a passive splitting ratio of 18. Alternatively, as chromatic
dispersion is compensated using DSP, the improved system margin could be utilized to extend the reach to e.g. 80 km.
Assuming an 80 km link loss of 15.4 dB, the residual margin of 22.3 dB would be able to accommodate the loss of a
1:128 power splitter.

4. Conclusion

We have presented experimental results from what we believe to be the worlds first demonstration of bidirectional
40 km SSMF link employing coherent detection with free running local oscillators and un-cooled directly modulated
VCSEL transmitters. Through the use of digital signal processing for demodulation and dispersion compensation, re-
ceiver sensitivities of =37.3 dBm downstream and —37.7 dBm upstream was achieved with no use of optical amplifiers
or optical dispersion compensation. At a launch power of 0.6 dBm and 7.7 dB fiber loss, a system margin of 30 dB
was achieved, corresponding to the loss of a record passive splitting ratio of 1024.

The reported experiments demonstrate the potential for coherent detection in bidirectional access links employing
directly modulated VCSEL transmitters. Future work include the investigation of the feasibility of using low-cost
solutions for LO lasers, and upgrade to 10 Gbit/s bit rate.
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Abstract: We report on experimental demonstration of a digital coherent
detection link fully based on vertical cavity surface emitting lasers
(VCSELs) for the transmitter as well as for the local oscillator light source
at the receiver side. We demonstrate operation at 5 Gbps at a 1550 nm
wavelength with record receiver sensitivity of —36 dBm after transmission
over 40 km standard single mode fiber. Digital signal processing
compensates for frequency offset between the transmitter and the local
oscillator VCSELs, and for chromatic dispersion. This system allows for
uncooled VCSEL operation and fully passive fiber transmission with no use
of optical amplification or optical dispersion compensation. The proposed
system demonstrates the potential of multi-gigabit coherent passive optical
networks with extended reach and increased capacity. Moreover, this is, to
the best of our knowledge, the first demonstration of coherent optical
transmission systems using a low-cost VCSEL as the local oscillator as well
as for the transmitter.
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1. Introduction

Next generation fiber-to-the-customer networks (FTTC) need to comply with a set of
technical requirements, including support of a large number of end customers with emerging
services, such as HDTV, demanding a high bandwidth surpassing 1 Gbit/s [1]. This
requirement can be achieved e.g. by increasing the bit-rate of current time-domain
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multiplexing (TDM) access systems and introducing a higher splitting ratio reaching the order
of 1000 [2]. Another alternative is to employ wavelength division multiplexing (WDM), or to
combine WDM and TDM approaches [3]. Conventional WDM approaches based on passive
filtering by arrayed waveguide gratings (AWGs) are challenging for ultra-dense wavelength
spacing, and the introduction of such architecture is therefore not straightforward in future
access networks employing splitting ratios approaching 1000. Likewise, direct increase of
passive splitting ratio in current TDM PONs is problematic due to the increased splitting loss.
Other important challenges are the need for graceful migration and flexibility in order to
support scalability as the network growths; a feature not straightforward compatible with a
fixed AWG-based WDM architecture. These challenges motivate interest in optical fiber
access solutions based on coherent detection due to its advantages of support of closely
spectrally spaced channels with electrical narrow bandwidth selection [4], increased receiver
sensitivity [5] and support for advanced modulation formats [6]. Moreover, with recent
advancements in digital signal processing (DSP) [7] for optical digital receivers, the
combination of DSP and coherent detection has the prospect to become the technology of
choice for the next generation of optical access networks. It will, however, still be important
to reduce the cost of the optical network unit (ONU) placed at the customer premises, and to
concentrate complex signal processing at the central office where complexity and cost can be
shared among a large number of users. The availability of suitable low complexity light
sources in particular remains a challenge for such a coherent detection passive optical access
network.

In this paper we propose the use of vertical-cavity surface-emitting lasers (VCSELs) as
light sources and local oscillator for coherent detection in multi- Gbit/s access systems, due to
their cost effective production and capability for chip integration with low threshold and
driving current operation. We experimentally demonstrate that by employing a DSP supported
coherent receiver to compensate for the transmitter and local oscillator frequency offset and
fiber chromatic dispersion, an all-VCSEL, 5 Gbit/s amplitude shift-keying link can be
achieved with transmission over 40 km of standard single mode fiber (SSMF) with no optical
dispersion compensation with free running and un-cooled VCSEL operation.

2. All-VCSEL digital coherent receiver

Recently, the use of a VCSEL as local oscillator laser source for a coherent receiver has been
demonstrated to be feasible [8]. In this case, however the transmitter light source used was a
wavelength stabilized distributed feed-back (DFB) laser. The transmitter used a complex in-
phase and quadrature (I&Q) optical modulator with external driver amplifiers, and required
and extra auxiliary optical signal in an orthogonal polarization state to act as a phase reference
at the coherent receiver side. It showed the potential of a VCSEL as a local oscillator although
the complete system is rather complex. For applications in FTTC networks, a less complex
configuration based on a single technology platform is desirable to reduce cost and overall
system integration. Moreover, due to issues of power consumption, an approach based on
direct laser modulation will be desirable for next generation access networks.

In this paper, we experimentally demonstrate the use of digital coherent detection using a
directly modulated VCSEL as light source for the transmitter and another VCSEL for local
oscillator. Traditionally, the broad linewidth of VCSELs has made them unsuitable for
coherent detection [9]. By employing digital signal processing algorithms, however, we
demonstrate that these limitations can be overcome. Additionally, coherent detection
combined with digital signal processing facilitates the use of DSP based chromatic dispersion
compensation, thereby eliminating the need for dispersion compensating fiber (DCF) [10]. In
combination with the increased sensitivity of coherent detection systems, this makes coherent
detection VCSEL based systems a strong candidate for future access networks, while also
enabling graceful upgrade due to the ability to operate over the current PON architectures.

Our experimental results show receiver sensitivity up to —36 dBm after 40 km of fiber
transmission with no optical amplification or optical dispersion compensation for a 5 Gbps
amplitude shift keying (ASK) system. The same system was tested with direct detection, and
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employing optical dispersion compensation in the form of 6 km of DCF to compensate 40 km
SSME. The measured sensitivity was —23 dBm and —19 dBm, with and without optical
dispersion compensation, respectively. This represents an increase in receiver sensitivity of
13 dB for the coherent system when compared with direct detection system with optical
dispersion compensation, and 17 dB compared with direct detection without optical dispersion
compensation.

3. Experimental setup

Pattern
[Generator}'[VCSELl

Fig. 1. Experimental setup. Digital sampling scope (DSO), digital signal processing (DSP),
polarization controller (PC), variable optical attenuator (VOA). The insertion shows the
measured combined optical power spectrum of the signal and the LO.

Figure 1 shows a simplified scheme of our experimental setup. A pulse pattern generator
directly modulates a 1550 nm VCSEL (VCSEL,) at 5 Gbps. A balanced drive configuration is
used for the VCSEL,; with a driving peak-peak voltage of 1 V. The bias current of VCSEL, is
set to 13.6 mA for optimum performance maximizing the extinction ratio while minimizing
overshoot.

Figure 2 shows the optical spectrum of the transmitter VCSEL measured by heterodyne
detection with a 100 kHz linewidth external cavity laser (ECL). The frequency offset between
VCSEL, and the ECL is 5.8 GHz. The measured 3 dB linewidth of VCSEL, is 350 MHz.
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Fig. 2. Laser linewidth of the VCSEL measured by heterodyne detection with an ECL.
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The data pattern used for the full VCSEL coherent detection transmission experiment is a
pseudo random binary sequence (PRBS) of length of 2'>-1. The average output power of the
VCSEL, launched into the fiber is 0.6 dBm. The transmission experiment is over 40 km of
SSMF with a total attenuation of 7.7 dB, and a total dispersion of 640 ps/nm. In order to
measure the optical power going into the coherent receiver, a variable optical attenuator
(VOA), a 20 dB coupler and an optical power meter is placed after the transmission fiber. The
coherent receiver consists of a 90° optical hybrid and two pairs of balanced photodiodes. The
local oscillator (LO) signal is generated by a free running, continuous wave, 1550 nm VCSEL
(VCSEL,). The LO VCSEL, has been wavelength tuned to match the wavelength of the
transmitting VCSEL, at 1550.34 nm by adjusting the bias level to 16.7 mA for intradyne
detection. The insertion in Fig. 1 shows the measured optical power spectrum of the signal
and the LO. Due to the intradyne detection scheme, the spectrum of the LO is masked by the
signal spectrum.

The wavelength tuning range of VCSEL, was measured to be 5 nm from 1547 nm to
1552 nm by varying the bias current from 5 mA to 19 mA. This demonstrates the feasibility of
bias current wavelength tuning of VCSELs employed as local oscillators in coherent
networks. The optical output power of the LO varies from 0.3 mW at 1547 nm to 1.3 mW at
1552 nm.

The in-phase and quadrature components from the coherent receiver are stored with a
digital sampling oscilloscope (DSO) with a sampling rate of 40 Gsamples/s. Digital signal
processing, consisting of a digital dispersion compensation, synchronization, envelope
detection and decision gating, is performed off-line. The detected signals have a random
frequency offset. This frequency offset does not affect the demodulation, as the DSP performs
envelope detection of the absolute value of in-phase and quadrature components.

4. Results

Figure 3 (a) shows the optical eye diagram at the output of the transmitter. At the bias current
of 13.6 mA, beginning overshooting of the VCSEL is observed. The extinction ratio at the
transmitter is 6.8 dB measured with an oscilloscope. Figure 3(b) shows the eye diagram after
40 km SSMF transmission. The fiber attenuation has decreased the signal to noise ratio
(SNR), and the fiber dispersion has severely distorted the waveform, resulting in significant
reduction of eye opening in amplitude as well as time domain.

Time: 32.5 ps/div A ‘ Time: 32.2 pg)‘di\" ¥
(a) (b)
Fig. 3. Optical eye diagrams. 5 Gbps, Lyi,s = 13.6 mA, V,, = 1 V. (a) Back-to-back. (b) After 40
km SSMF
The bit error ratio (BER) of the 5 Gbps signal back-to-back (B2B) and after 40 km SSMF
transmission is plotted in Fig. 4. The plot shows the measured BER with direct detection with
and without optical dispersion compensation. The plot also shows the BER after coherent
detection where the dispersion compensation was performed using DSP.
For direct detection, back to back (B2B) receiver sensitivity at the forward error correction
limit of BER<10’3, was measured to be —23. After 40 km of SSMF transmission, the
measured sensitivity was —19 dBm, corresponding to 4 dB receiver sensitivity penalty. After
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DCF for optical dispersion compensation, the measured sensitivity was —23 dBm, and no
observable penalty is measured compare to the B2B configuration.

For the coherent detection with DSP based dispersion compensation 2-10° bits were
stored. DSP dispersion compensation was used to compensate for the chromatic dispersion of
the 40 km of SMF transmission link. Best performance after demodulation was achieved by
overcompensation so that the total compensated dispersion was 765 ps/nm. This is attributed
to the chirp caused by the direct modulation of the VCSEL at the transmitter. Receiver
sensitivity was measured to be —36 dBm B2B as well as after transmission, showing that the
DSP effectively compensates dispersion. Comparing to the direct detection cases with and
without optical dispersion compensation, sensitivity has been improved by 13 dB and 17 dB,
respectively.

In order to estimate the number of users that can be reached with this system, a simple
power budget calculation has been performed. Considering the launch power of 0.6 dBm, for
direct detection without optical dispersion compensation, the total power budget is 19.6 dB
with a power margin of 11.9 dB when the 7.7 dB fiber attenuation is taken into account. This
corresponds to a passive slitting ratio of 15. By using optical dispersion compensation on
direct detection, the total power budget increases to 23.6 dB, but not the power margin which
is reduced to 11.5 dB due to the added attenuation of 4.4 dB by the DCF. Therefore, the
corresponding passive splitting ratio is reduced to 14 users. For coherent detection the total
power budget is 36.6 dB with a margin of 28.9 dB after fiber attenuation. This corresponds to
a passive splitting ratio of 776. For the calculation, a total length of 40 km is assumed for the
combined metro-access link before the passive splitting point and the distribution fiber link
after the passive splitter.
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Fig. 4. BER curves after 40 km SSMF and for B2B configuration. Bit-rate: 5 Gbps, ER: 6.82
dB, LO power: 0 dBm.

5. Conclusions

We present experimental results, for the first time, demonstrating the feasibility of using
VCSELs with uncooled and free running operation as transmitter as well as local oscillator
laser in a digital coherent receiver.
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The transmitter VCSEL was directly modulated at 5 Gbps, and after 40 km SSMF the
signal was received using a coherent receiver with a VCSEL as local oscillator. Sensitivity of
—36 dBm has been achieved with 28.9 dB power margin and no need for optical dispersion
compensation or optical amplification.

A comparison between coherent detection and direct detection approach has been
presented. Coherent detection resulted in a sensitivity improvement of 13 dB and 17 dB,
comparing with direct detection with and without optical dispersion compensation,
respectively. Moreover, in terms of power budget, power margin for direct detection
correspond to a passive splitting ratio of 15, while for coherent detection the achievable
splitting ratio is 776.

We have presented what is to the best of the authors knowledge, the first full VCSEL
coherent PON link demonstration. The results show the potential for coherent systems to be
implemented with low cost optical sources, thereby overcoming one of the main drawbacks of
coherent systems for access networks. Therefore, VCSEL-based coherent PONs can be
considered as strong candidate for future PONs.
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Abstract: Full 1.3 pum VCSEL-based simplified coherent detection receiver is demonstrated at
5 Gbps. Receiver sensitivity of -34 dBm is achieved providing link reach and splitting ratio
extension for future passive optical access networks.

OCIS codes: 060.2330 Fiber optics communications, 140.7260 Vertical cavity surface emitting lasers, 060.1660 Coherent
communications

1. Introduction

Passive optical networks (PONs) have become a dominant approach for fiber-to-the-customer (FTTC) network
deployments. However, the demand for increasing bandwidth has raised the question of extending the reach, bit-rate
and splitting ratio of conventional PON solutions designed for 20 km, 1.25-2.5 Gbps and splitting ratios up to 64 [1].
An interesting approach for extending the reach of PON networks is to consider optical coherent detection. This is
motivated by the fact that coherent detection offers advantages on supporting closely spectrally spaced channels
with electrical narrow bandwidth selection [2], increased receiver sensitivity [3] and support for advanced
modulation formats [4]. However, it will still be important to reduce the cost of coherent networks and put them at
the same level with traditional direct detection approaches in order to make them attractive for a real implementation
in future wavelength division multiplexing (WDM) PONs.

Vertical cavity surface emitting lasers (VCSELSs) are gaining attention for application in access networks due to
lower manufacturing cost and lower power consumption than edge-emitter laser [5].

In this paper we propose an all-VCSEL low complexity transmitter and coherent receiver operating close to the
zero dispersion wavelength of standards single mode fiber (SSMF) of 1.3 pm, chosen for its compatibility with the
up-stream wavelength of PONs architectures. The optical transmitter is a directly modulated photonic bandgap
GalnNAs VCSEL TOSA from Alight Technologies ApS. The coherent receiver is realized in a simple configuration
using only a 3-dB coupler, local oscillator VCSEL of same type as the transmitter, and a single ended photodiode
with the aim of maintaining the overall systems complexity reduced. We experimentally demonstrate the feasibility
of our proposed approach in a 5 Gbps amplitude shift-keying (ASK) coherent link with transmission over 40 km of
SSMF with no optical dispersion compensation, employing free running and un-cooled VCSEL operation for
transmitter as well as local oscillator.

2. Experimental setup

Fig. 1 shows our experimental setup. A pulse pattern generator directly modulates a 1.3 um VCSEL (VCSEL)) at
5 Gbps. A balanced drive configuration is used for VCSEL, with a driving peak-peak voltage of 0.9 V. The bias
current of VCSEL, is set to 11.7 mA for optimum performance maximizing the extinction ratio while minimizing
pulse amplitude overshoot. The data pattern used for the experiment is a pseudo random binary sequence (PRBS) of
length of 2°-1. The average output power of the VCSEL, launched into the fiber is -0.7 dBm. The transmission
experiment is over 40 km of SSMF with a total attenuation of 13.5 dB at 1.3 pm, and a total dispersion of -45 ps/nm.
In order to measure the optical power going into the coherent receiver, a variable optical attenuator (VOA), a 20 dB
coupler and an optical power meter are placed after the transmission fiber. Due to the low chromatic dispersion in
the spectral region of 1.3 um, dispersion compensation can be omitted, and the in-phase and quadrature components
of the signal are not required in the coherent demodulator. Therefore, the coherent scheme can be simplified from a
conventional 90° hybrid scheme to a simpler one composed of a light source as local oscillator (LO), a 3 dB coupler
to do the beating between the received signal and the LO, a photodiode and a subsequent envelope detector. The LO
signal is generated by another free running, continuous wave, 1.3 um VCSEL (VCSEL,). The LO VCSEL, has been
wavelength tuned to match the wavelength of the transmitting VCSEL, at 1274 nm by adjusting the bias level to
13 mA for intradyne detection. The insertion in Fig. 1 shows the measured optical power spectrum of the signal and
the LO. Due to the intradyne detection scheme, the signal spectrum is partially masked by the spectrum of the LO.
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Figure 1: Experimental setup. Local oscillator (LO), optical spectrum analyzer (OSA), polarization controller (PC), variable
optical attenuator (VOA), low pass filter (LPF), error detector (ED). The insertion shows the measured combined optical power
spectrum of the signal and the LO.

The wavelength tuning range of VCSEL, was measured to be 5 nm from 1271.1 nm to 1275.8 nm by varying the
bias current from 5 mA to 16 mA. This demonstrates the feasibility of bias current wavelength tuning of VCSELs
employed as local oscillators in coherent networks. The optical output power of the LO varies from 0.32 mW to
0.85 mW.

The coherent receiver used electronic envelope detection for the ASK signal which removes the frequency offset
between the signal and the LO. The envelope detector is emulated digitally in off-line processing by squaring and
low pass filtering the signal stored in a digital sampling scope (DSO) with a sample rate of 40 Gsample/s. The signal
is compared offline with the PRBS sequence by the error detector (ED) for BER measurements. No extra digital
signal processing has been done offline; therefore the digital envelope and ED could be directly substituted by a
commercial envelope detector and a 5 Gbps ED for real time measurements.

3. Results

Fig. 2(a) shows the optical eye diagram at the output of the transmitter. At the bias current of 11.7 mA, beginning
overshooting of the VCSEL is observed. The extinction ratio (ER) at the transmitter is 4.62 dB measured with an
oscilloscope. Fig. 2(b) shows the eye diagram after 40 km SSMF transmission. The fiber attenuation has decreased
the signal to noise ratio (SNR), but no pulse broadening is observed due to the negligible chromatic dispersion at
1.3 um.

: Time: 32,8 pa/div
Ext. ratio( ) 4.62 dB

a) b)
Figure 2. Direct detected optical eye diagrams. 5 Gbps, Ibias= 11.7 mA, Vpp= 0.9 V. (a) Back-to-back. (b) After 40 km SSMF

The measured bit error ratio (BER) of the 5 Gbps signal back-to-back (B2B) and after 40 km SSMF transmission is
plotted in Fig. 3. The plot shows the measured BER with coherent and with direct detection.
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For direct detection, a back to back (B2B) receiver sensitivity at the forward error correction limit of
BER<2.23-107, was measured to be —26 dBm for B2B configuration and after 40 km of SSMF. SSMF thus
negligible power penalty was observed. For the coherent detection case, 2-10° bits were stored for further offline
analysis. Receiver sensitivity was measured to be -34 dBm for B2B as well as after transmission. Comparing to the
direct detection case, the receiver sensitivity has been improved by 8 dB. This corresponds to a passive splitting
ratio 6.3 times higher, or an extension of the unamplified transmission reach by 23 km.

In order to estimate the potential maximum transmission that can be reached with this system a simple power
budget calculation has been performed considering 0.34 dB/km attenuation and negligible dispersion of the fiber at
1,3 pm. The launch power is -0.7 dBm and the receiver sensitivity of -34 dBm, result in a power margin of 33.3 dB,
corresponding to almost 100 km of SSMF. In terms of splitting ratio, after 40 km, the achieved power margin of
19.8 dB correspond to and splitting ratio of 95.
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Figure 3: BER curves after 40 km SSMF and for B2B configuration. Bit-rate: 5 Gbps, ER: 4.62 dB, LO power: -0.8
dBm.

4. Conclusion

We have proposed and experimentally demonstrate for the first time, the feasibility of a full VCSELs based coherent
detection system with un-cooled and free running operation of the transmitter as well as the local oscillator VCSEL
light source. Our experimental demonstration successfully shows 5 Gbps operation at 1.3 pm with increased
sensitivity of -34 dBm. Extended link reach over 40 km SSMF and high splitting ratio of 95 have been achieved
with a low complexity coherent receiver and with no need of optical amplification or dispersion compensation. The
simplicity of our proposed coherent approach is intended to overcome the complexity of conventional coherent
systems for access networks. The potential cost reduction and good performance of our proposed approach make
VCSEL-based coherent PONSs a strong candidate for application in future PONs. We believe that future work on this
approach will result in upgrade to 10 Gbps systems.
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Abstract This paper presents an experimental demonstration of VCSEL-based PON with
simplified real-time coherent receiver at 2.5 Gbps. Receiver sensitivity of -37 dBm is achieved
proving splitting ratio up to 2048 after 17 km fiber transmission.

Introduction

Passive optical networks (PONs) have
become the dominant approach for fiber-to-
the-customer (FTTC) network deployments.
However, the demand for increasing
bandwidth has raised the question of
extending the reach, bit-rate and splitting
ratio of conventional PONs [1]. An
interesting approach for extending the reach
and increasing the capacity of PON
networks is to consider optical coherent
detection. This is motivated by the fact that
coherent detection offers advantages on
supporting  closely spectrally spaced
channels [2] and increased receiver
sensitivity [3]. Coherent PONs approaches
have been presented with distributed Bragg
reflector (DBR) lasers [4], distributed
feedback lasers (DFBs) [5] and reflective
semiconductor optical amplifiers (RSOAs)
[6]. Different receivers have been proposed
using offline digital signal processing (DSP)
[4,5], or in real time using FPGAs [7].
However, cost of coherent networks needs
to be put at the same level as traditional
direct detection approaches to make them
attractive  for  deployment in  future
wavelength division multiplexing (WDM)
PONSs. Previously, we presented results on
vertical cavity surface emitting lasers
(VCSEL) based coherent detection link for
PONSs using DSP [8].

In this paper we propose a real time and low
complexity coherent receiver. The optical
transmitter is a directly modulated 1550 nm
VCSEL and the coherent receiver is realized
in a simple configuration using a 3-dB
coupler, local oscillator, single ended
photodiode, XOR gate and low pass filter.
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We  experimentally demonstrate  the
feasibility of our approach in a 2.5 Gbps
amplitude shift-keying (ASK) coherent link
with transmission over 17 km.

Experimental Setup

Fig. 1 shows the experimental setup. A
pulse pattern generator (PPG) directly
modulates a VCSEL with non-return-to-zero
(NRZ) on-off keying (OOK) signal at 2.5
Gbps. The PPG uses a pseudorandom
blnargy sequence (PRBS) with pattern length
of 2°-1. The driving peak-to-peak voltage
into the VCSEL is 500 mV at a bias current
of 7 mA. The VCSEL wavelength is 1535 nm
and the output power coupled into the fiber
is 0 dBm. The signal is launched into 17 km
single mode fiber (SMF) with a measured
attenuation of 3.8 dB. An optical attenuator
is placed after transmission for bit error rate
(BER) measurements. An optical 3 dB
coupler combines the received signal and
the local oscillator (LO). An external cavity
laser (ECL) is used as LO. A polarization
controller is used to match the polarization
of the LO with the received signal. A 10 GHz
PIN+TIA photoreceiver receives the optical
signal and it is split by an electrical 6 dB.
Length matched cables are used for both
inputs of the XOR gate. A low pass filter with
a cut off frequency of 2.5 GHz is used
before the error detector for BER
measurements.

Real time coherent receiver

The LO was placed at 1534.96 nm for
heterodyne coherent detection, with a 0.04
nm offset. Figure 2.a shows the coherently
detected signal after the photodiode. There
is an oscillation of 5 GHz due to the 0.04 nm
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Fig. 1 Experimental setup

978-1-4577-0733-9/12/$26.00 ©2012 IEEE

457



ey F s Ly it

Fig 2. a) Signal after the photodiode. b) signal after LPF. c) eyediagram at -33dBm received power

offset between the LO and the received
signal. After 6 dB power splitter, 2 identical
copies of the received signal are connected
from the photodiode to the XOR gate with
phase matching cables. As both signals
inputs are identical, the inverted output of
the XOR gate is always the digital value ‘1’
(+170 mV) when the input level exceeds the
sensitivity of the gate. When the amplitude
of the input signal of the XOR gate is lower
than the sensitivity of the gate, the output of
the gate is 0 mV. The integrated DC block
removes the DC offset. The XOR gate acts
as a rectifier. The low pass filter at 2.5 GHz
is used to filter out the oscillation due to the
frequency offset. The Fig. 2.b and 2.c show
the output of the low pass filter and
eyediagram, respectively.

Results

The performance of the system is evaluated
for back-to-back (B2B), and after 17 km
SMF. Fig. 3 shows the BER for the optimum
LO power of 1 dBm. Receiver sensitivity of -
37 dBm was measured at the forward error
correction (FEC) limit of 2¢10°. No receiver
power penalty sensitivity is observed after
transmission compare to B2B. In order to
estimate the potential maximum splitting
ratio that can be reached with this system, a
simple power budget calculation has been
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Fig. 3 Bit error rate curve at 2.5 Gbps with real time

coherent detection.

performed. The measured optical power of -
3.8 dBm after 17 km SMF and the receiver
sensitivity of -37 dBm, result in a power
margin of 33.2 dB. The power margin
corresponds to a splitting ratio of 2048

Conclusion

We have demonstrated a real time
implementation of a VCSEL-based coherent
PON by using a simple XOR gate at the
receiver. Our experimental demonstration
successfully shows 2.5 Gbps operation at
1.5 ym with increased sensitivity of -37
dBm. High splitting ratio of 2048 have been
achieved after 17 km transmission. The
simplicity of our proposed coherent
approach is intended to overcome the
complexity of conventional digital coherent
systems for access networks. The potential
cost reduction and good performance of our
proposed approach make VCSEL-based
coherent PONs a strong candidate for
application in future PONs. We believe that
future work on this approach will result in
upgrade to 10 Gbps systems, and full
VCSEL-based system for the local oscillator
as for the transmitter.
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Abstract: Real time demodulation of a 10 Gb/s all-VCSEL based coherent PON link with a
simplified coherent receiver scheme is demonstrated. Receiver sensitivity of -33 dBm is achieved

providing high splitting ratio and link reach.
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Coherent communications

1. Introduction

The demand for high-speed access networks is continuously growing. This demand is driven by new applications
that require higher bandwidth. Applications such us youtube, Netflix etc. are becoming the preferable form of video
entertainment offering [1]. Typically, fiber-to-the-home (FTTH) networks are based on passive optical networks
(PONs). WDM-PON is the leading candidate technology for next generation access networks beyond 10 Gb/s [2].
The main for WDM-PON is cost efficiency. Therefore, several assumptions have to be taken: colorless ONUSs,
single fiber operation for upstream and downstream, no use of external modulators and no use of optical amplifiers
[3].

It is well known that coherent detection has many advantages such us increasing sensitivity, extending reach,
increasing network capacity by close wavelength allocation, allowing for dispersion compensation or demodulation
of advances modulation formats. Although, the main remaining challenge of coherent PONSs is cost reduction in
order to make it comparable with typical direct detection systems. Coherent detection has been typically associated
with high quality lasers and complex receivers with digital signal processing not suitable for cost effective PON.

Vertical cavity surface emitting lasers (VCSELS) are gaining attention in access networks due to lower
manufacturing cost and lower power consumption than edge-emitter lasers [4].

Previously, in [5] we have demonstrated coherent detection using VCSELSs for signals as well as LO. In this
case, however, the system only operated at 5 Gb/s and digital sampling at 20 GSa/s was required for the
demodulation. The latter is problematic in PON scenarios due to cost issues. In this paper we present, for the first
time to our knowledge, an all VCSEL coherent PON system employing real-time detection with no use of digital
signal processing. Additionally, the bit rate of the system has been doubled to 10 Gb/s. This demonstration of a real-
time 10 Gb/s all VCSEL, no DSP coherent PON represents the lowest cost and complexity coherent system ever
reported for PON scenarios. The only added equipment when compared with conventional direct detection is a
VCSEL, 3 dB fiber coupler, 6 dB electrical splitter and an XOR gate.

The optical transmitters and the LO are photonic bandgap GaInNAs VCSEL TOSAs from Alight Technologies
Aps. Direct modulation at 10 Gb/s amplitude shift-keying (ASK) over 25 km SMF was performed. Free running and
un-cooled VVCSEL operation were used for the transmitters as well as for the local oscillator.

2. Experimental Setup

25 km SSMF
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Figure 1. Setup. Pulse pattern generator (PPG), Photodetector (PD), Variable optical attenuator (VOA), Low pass filter (LPF)
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Figure 1 shows the experimental setup. A pulse pattern generators directly modulate a 1.3 um VCSEL. Single drive
configuration is used for the VCSEL. The measured wavelength of the VCSEL is 1281.68 nm. The VCSEL is free-
running with no cooling or temperature control. The signal is transmitted through 25 km of standard single mode
fiber (SSMF) with no optical amplification. Fiber launch power of the VCSEL into the fiber is -1 dBm. At the
coherent receiver input, a variable optical attenuator (VOA) is used to assess BER vs. receiver input power and to
emulate the loss of a passive PON splitter.

Coherent Receiver:

Due to the low chromatic dispersion in the spectral region of 1.3 um, dispersion compensation can be omitted, and
the in-phase and quadrature components of the signal are not required for signal demodulation. Therefore, for
amplitude modulation, the coherent receiver scheme can be simplified from a conventional 90 degree hybrid scheme
with two photodiodes and digital signal processing [6], to a simpler one composed of a 3 dB coupler, a single
photodiode and an analogue envelope detector [5]. The LO is a free running, un-cooled and continues-wave VCSEL
with a polarization controller to maximize the output at the photodiode. Bias of the LO VCSEL is used for
wavelength for intradyne coherent detection. Embedded graph in Fig.1 shows the combined spectrum of the
received signal and the LO.

The envelope detector is composed of a 6 dB electrical splitter, an XOR gate and a low pass filter. The outputs of
the 6 dB electrical splitter are connected to the inputs of the XOR gate with phase-matched RF cables. The XOR
gate is not used for its typical digital behavior but for its analogue behavior instead to rectify the signal. Figure 2
shows the signals in each step of the envelope detection. The sensitivity of the XOR is approximately 20 mV. When
a logical ‘0’ is transmitted, the amplitude level at the output of the photodiode is lower than the XOR sensitivity, and
the output of the XOR gate is 0 mV. This is observed from Fig. 2.a. When a logical ‘1’ is transmitted, the amplitude
level of the signal out of the photodiode is higher than the XOR sensitivity. As matched RF cables are used between
the 6 dB splitter and the XOR gate, the two input signals are equal, and the XOR gate will produce a positive signal
(200 mV) at its inverted output irrespective of the sign of the signals at the input. In this way, the XOR gate is able
to rectify the signal from the photodiode. This is illustrated in Fig. 2.b, where the signal after the XOR gate and a
DC block is shown. The bandwidth limitation of the XOR gate removes most of the oscillation in the signal due to
the frequency offset of the transmitted signal and local oscillator. Fig. 2.c shows the signal after additional low pass
filtering. As can be observed, the signal now has properties similar to an NRZ-OOK signal, and can therefore be
detected in real time using a standard error detector.
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Figure 2. a) Output photodiode, b) output XOR gate, c) output low pass filter

3. Results

The experiment has been performed at 2.5 and 10 Gb/s. The system at 2.5 Gb/s is evaluated with a PIN and a
balanced photodiode in order to compare the performance of the two configurations. Figure 3.a shows the bit error
ratio (BER) curve after 25 km SSMF. BER below 10 is measured for received power of -26 dBm with the PIN
photodiode and -31 dBm with balanced photodiode. In both cases, no error floor is observed. At the forward error
correction (FEC) limit of BER < 2.2*107, the sensitivity is measured at —39 dBm with the balanced photodiode and
-37 dBm with the PIN photodiode. In the case of FEC, 7% overhead has to be considered for the effective bit rate.
Significant improvement is observed by using balanced photodiode. 5 dB gain in sensitivity at BER < 10°°, and 2 dB
sensitivity gain at BER < 2.2*10°%,

For the 10 Gb/s the performance was assessed with the 20 GHz bandwidth balanced photodiode. Fig. 3.a shows
the BER curve. BER below 10° is measured at —23 dBm. At the FEC limit of BER < 2.2*10°, the received power
sensitivity is —33 dBm. Fig 3.b shows the optical back-to-back eye diagram at 10 Gb/s. Fig 3.c shows the eye

OTh4G.2.pdf 2 1/23/2012 11:49:42 AM



OFC/NFOEC Technical Digest © 2012 OSA

diagram of the received signal after 25 km SSMF. No pulse broadening due to chromatic dispersion is observed after
fiber transmission.

A power budget calculation has been done in order to estimate the maximum splitting ratio allowed by this
system with a passive splitter. Considering 9 dB attenuation of the 25 km SSMF at 1.3 um, the power margin of the
received power at the FEC limit sensitivity is 23 dB and 29 dB at 10 Gb/s and 2.5 Gb/s, respectively. These power
margins correspond to a passive splitting ratio of 199 and 794 at 10 Gb/s and 2.5 Gb/s, respectively.

T T T T T T T
O 2.5Gbys balanced receiver
O 2.5Gbls PIN receiver

A 10 Gh/s balanced receiver

Bit Error Rate
_D:.

10 L . L L AN
-40 -38 -36 -34 -32 -30 28 -26 -24 -22 -20

Received Power (dBm)

Figure 3. a) BER curves at 2.5 Gb/s and 10 Gb/s after 25 km SSMF, b) eye diagram of the optical back-to-back signal at 10 Gb/s,
c) eye diagram of received signal at 10 Gb/s.

4. Conclusion

We have proposed an experimentally demonstrated for the first time an all-VCSEL coherent PON link with realtime
demodulation at 10 Gb/s. Transmission after 25 km SSMF was performed with sensitivity of -33 dBm allowing for a
passive splitting ratio of 199.

The potential cost reduction and good performance of our proposed approach make VCSEL-based coherent
PONs a strong candidate for application in future PONs. Future work on this approach will be done adding more
transmitting channels implementing a WDM system.
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Abstract: 100 Gb/s optical fiber transmission link with a single 1.5 um VCSEL has been

experimentally demonstrated using 4-level pulse amplitude modulation
OCIS codes: (060.2330) Fiber optics communications; (140.7260) Vertical cavity surface emitting lasers

1. Introduction

The rapid growth of Internet and cloud computing applications drives data centers to upgrade their links from the
10 Gh/s commonly used today to 100 Gb/s and beyond in the near future [1] with little or no increase in carbon and
real-estate footprint [2]. These two counteracting demands leads to a quest for higher data capacity on short range
optical communication systems employing directly modulated (DM) vertical cavity surface emitting lasers
(VCSELSs); a laser type that is rapidly becoming the preferable laser source for interconnect applications due to an
attractive combination of attributes, including high bit rates [3,4], low drive voltage [5], and the capability of array
integration [6].

The existing 100 Gb/s standard for short range interconnects (L00GE-SR10) specifies the use of 10 wavelengths
each operated at 10 Gb/s while the next generation standard (L00GE-SR4) employs 4 lasers each operated at 25 Gb/s
[7]. Increasing the data modulation of each laser to 100 Gb/s paves the way for a) an increase the total link capacity
to 400 Gb/s or to b) a reduction in footprint and complexity of the 100 Gb/s links since they could be operated with a
single laser.

In this paper, we report on research investigation on the capabilities of using a single VCSEL to achieve
100 Ghit/s speed transmission. We have performed directly modulation of a VCSEL by employing a 4-levels pulse
amplitude modulation (4-PAM) at 25 Gbaud and polarization multiplexing to achieve a total bitrate of 100 Gb/s link
with a single VCSEL. Forward error correction coding has been implemented with an effective bit rate of 86.5 Gb/s.
Error free transmission in the experiment with 1.6-10° bits of FEC decoding. This is, to the author knowledge, the
largest transmission capacity reported for a single VCSEL source.

2. Experimental Setup

Figure 1 shows the setup of the transmission experiment. Two uncorrelated 25 Gb/s subrate channels of an

SHF 12103 A pulse pattern generator (PPG) are added to form a 50 Gb/s 4-PAM signal. The link is analyzed with
pseudorandom binary sequences (PRBS) and with 2 different forward error correction (FEC) patterns. The PRBS
sequence has a pattern length of 2*'-1. The FEC codes have a length of 1138489 bits with 7% overhead, and 152881
bits with 20% overhead. We choose the product code with shortened BCH (Bose — Chaudhuri - Hocquenghem)
components [8] as FEC codes in our experiments.

FEC pattern —— unmodulated
sHF pPG | £ —
25 Gb/s § o Lecroy DSO
3 30 GHz
S5 Byl 8 100 Gbls
= 100 m SMF

1528 1529 1530

- Wavelength (nm) ((.
BiasT VCSEL PolMux > PBS

Figure 1. Setup. Pulse pattern generator (PPG), Photodetector (PD), Variable optical attenuator (VOA), Low pass filter (LPF), Power meter (PM),
Single mode fiber (SMF), Polarization beam splitter (PBS).
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The subchannel addition system is optimized to reduce reflections, and is composed of a 10 dB and a 3 dB
electrical attenuator, and a 6 dB electrical combiner. A high-linearity amplifier from SHF is used to amplify the
electrical signal up to 1 Vpp in order to utilize the linear region of the VCSEL I-P characteristic curve. L-1-V curve
of the VCSEL is shown in Fig. 2.a. The VCSEL used is a high-speed short-cavity VCSEL with 1.55 um emission
wavelength and 3-dB modulation bandwidth of 18 GHz at 20°C. The spectrum of the modulated VCSEL with the 4-
PAM signal is shown embedded in Fig. 1. Detailed description of the specific VCSEL characteristics can be found
in [9]. The bias of the VCSEL is set to 10 mA for optimum performance. The optical signal from the VCSEL is
launched into a polarization multiplexing system with an optical delay between branches to emulate orthogonal
polarization transmission uncorrelated at 100 Gb/s. The signal is transmitted over 100 m of standard single mode
fiber (SMF). On the receiver side, polarization beam splitter (PBS) separates the two polarizations. Each
polarization is detected independently by a 40 GHz photodiode. A Lecroy 30 GHz, 80 Gsa/s digital storage
oscilloscope (DSO) is used to store the received signal for offline demodulation. The offline signal demodulation
includes bit synchronization and adaptive decision threshold gating.

3. Results

Digital upsampling of the signal to oversampling 10 has been used for better demodulation. Figure 2.b shows the
histograms of the optimum sample point of the received signal for different received powers. The histograms show
5000 bits. The minimum points of the histogram for each received power are taken as the symbol decision
thresholds. The least significant bit (LSB) and most significant bit (MSB) of each symbol are two uncorrelated
patterns. After demodulation, error counting of received LSB and MSB is done independently comparing each bit-
stream with the corresponding pattern.

Figure 3.a shows the bit error rate (BER) curve for MSB after 100 m and with back-to-back (B2B) configuration.
Figure 3.b shows the BER curves for LSB. We can observe worst performance in LSB as it was expected due to its
higher error probability on the symbol. We have used gray mapping to facilitate error correction.
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Figure 2. a) LIV curve at 35 °C; b) histogram of optimum sample from received signal

Bias current (mA)

Adaptive FEC:

The theoretical pre-FEC thresholds of 7% overhead and 20% overhead FEC, aiming for after-FEC BER of 10™, are
4.8-10° and 1.3-10? [10], while in the FEC performance simulation thresholds are approximately 4.4-10° and
1.1-10°%, respectively, due to BCH decoding errors. The 7% overhead FEC is applied to MSB and the 20% overhead
FEC is applied to LSB based on the BER results returned from PRBS sequence tests. Figure 3.a and 3.b show with a
blue line the FEC limits for 7% and 20%, respectively. Transmissions below the FEC limit can be decoded without
errors. By applying different FEC codes to LSB and MSB, the received power sensitivities for error free
demodulation coincide. We processed 1.6-10° bits for the FEC decoding for both channels and got error free after
the offline demodulation and FEC decoding at -4 dBm received power sensitivity. The adaptive FEC maximizes the
effective bitrate for error free transmission. The 7% and 20% overhead of MSB and LSM, respectively, result in a
total effective bitrate of 86.5 Gb/s. Due to the limited number of FEC frames we can save on the DSO, we
theoretically calculated the error probability in a longer sequence. Based on the theory in [11], as we had 0 errors in
the experiment after several FEC decoding iterations, we have, with 90% confidence, that the BER of less than
2.02-10° is expected in repeated experiments. These errors are expected to be corrected after 1 or 2 more iterations
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due to the small FEC error floor of less than 10™°. Therefore an error free transmission is still expected in a longer

time measurement.
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Figure 3. a) BER curves at 100 Gb/s after 100 m SSMF and B2B for MSB, b) BER curves at 100 Gb/s after 100 m SSMF and B2B for LSB
4. Conclusion

Ultimate capacity transmission with a single VCSEL has been investigated by multilevel pulse amplitude
modulation and polarization multiplexing over 100 m SMF. We have demonstrated 100 Gb/s transmission with error
free transmission after forward error correction with an effective bitrate of 86.5 Gb/s by using adaptive FECs.
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High-speed 1550 nm VCSEL data transmission
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Abstract—Current short-range optical interconnects capacity
is moving from 100 Gb/s to 400 Gb/s and beyond. Directly
modulation of several laser sources is used to minimize
bandwidth limitations of current optical and electrical
components. Either this total capacity is provided by wavelength-
division-multiplexing or parallel optics, it is important to
investigate on the ultimate transmission capabilities of each laser
source to facilitate current capacity standards and allow for
future demands.

High-speed 4-level pulse amplitude modulation at 25 Gbaud of
a 1.5 um VCSEL is presented in this paper. The 20 GHz 3 dB-
bandwidth laser is, at the time of submission, the largest
bandwidth of a 1.5 um VCSEL ever reported. Forward error
correction (FEC) is implemented to achieve transmission over
100 m virtually error-free after FEC decoding. Linerate of 100
Gbl/s is achieved by emulation polarization multiplexing using 50
Gb/s signal obtained from a single VCSEL.

Index  Terms—Fiber  optics communication,  optical
interconnects, vertical cavity surface emitting lasers, forward
error correction, 4-PAM.

. INTRODUCTION

HE rapid growth of Internet and cloud computing
applications drives data centers to upgrade their links
from the 10 Gb/s commonly used today to 100 Gb/s and
beyond in the near future [1] with little or no increase in
carbon and real-estate footprint [2]. These two counteracting
demands lead to a quest for higher data capacity on short-
range optical communication systems. Simultaneously,
directly modulated (DM) vertical cavity surface emitting
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lasers (VCSELs) are rapidly becoming the preferable type of
laser source for these short range optical interconnect
applications due to an attractive combination of attributes,
including high modulation bandwidth, low drive voltage [3],
and the capability of array integration [4]. Short wavelength
VCSELs have demonstrated modulation speeds up to 40 Gb/s
at 850 nm [5], and 44 Gb/s at 980 nm [6]. However, until
lately, VCSELs with modulation speed exceeding 10-14 Gb/s
have not been available at wavelengths in the O and C bands
around 1300 nm and 1550 nm, respectively. Recently, direct
modulation of 1550 nm VCSELs at 40 Gb/s has been
demonstrated [7].

Currently, high capacity interconnects use the combination
of several optical sources to satisfy higher capacity demand.
Parallel optics with independent transmission channels, or
wavelength-division-multiplexing (WDM) are both considered
and under development.

Parallel optics transceiver modules based on VCSELs have
been recently demonstrated up to 480 Gb/s [8]. The module is
a single chip 90 nm CMOS integrated circuit with 24 lasers.
Each of them modulated at 20 Gb/s.

The existing 100 Gb/s standard for short range
interconnects (100GE-SR10) specifies the use of 10
wavelengths each operated at 10 Gb/s, while the next
generation standard (100GE-SR4) specifies the employment
of 4 lasers each operated at 25 Gb/s [9]. Beyond 100 Gb/s, the
next OTN rate (OTUS) will be most likely 400 Gb/s, where a
proposed architecture is to scale the same technology of
100GE-SR4 to 400GE-SR16 for a cost effective solution [10].
This solution does not need higher bandwidth transceivers,
reducing the associated cost of investment on R&D to develop
new technology. However, scaling the same technology will
hardly be feasible for more than 16 channels. Quadrupling the
data modulation of each laser or channel to 100 Gb/s,
represents a much more drastic step forward, and can
potentially pave the way for a) an increase the total link
capacity to 400 Gb/s or to b) a reduction in footprint and
complexity of the 100 Gb/s links.

In this paper, we report on research investigation on the
capabilities of using VCSELs to achieve high-speed
transmission for short range optical interconnects. We have
performed direct modulation of a VCSEL by employing a 4-

Copyright (¢) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
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Figure 1. Short-Cavity structure of the Indium Phosphide based buried tunnel
junction VCSELs

level pulse amplitude modulation (4-PAM) at 25 Gbaud. This
is not a single VCSEL link, as 2 different polarizations are
required. However, in the experiment we have used a single
VCSEL source. The optical signal from the VCSEL was split,
delayed and combined in orthogonal polarizations to emulate
polarization multiplexing with a total linerate of 100 Gb/s.
Forward error-correction coding has been implemented
resulting in an effective bit rate of 86.5 Gb/s. Error free
demodulation was demonstrated in the experiment with
1.6:10°% bits of FEC decoding.

II. HIGH-SPEED VCSEL

Vertical Cavity surface emitting lasers (VCSEL) are
currently attracting a lot of attention for short-range optical
links due to their potential cost-effective fabrication, low
power consumption, easy fiber-coupling and high-bandwidth
modulation. For the 1550 nm wavelength range, Indium
Phosphide based buried tunnel junction (BTJ) VCSELs
implementing a novel short cavity concept have recently
shown the most promising results with respect to energy-
efficient high data-rate transmission [11]. The following two
paragraphs shortly discuss the device concept and provide the
static and dynamic features of these short-cavity (SC)
VCSELs.

A. Device Structure

In order to achieve high modulation bandwidth, it is
beneficial to reduce the effective cavity length and,
consequentially, the photon lifetime in the VCSEL cavity [12].
Therefore, the SC-VCSEL concept implements two dielectric
distributed Bragg reflectors (DBRs) featuring a short
penetration depth of the optical field of only 410 nm compared
to typical values of 1500 nm for commonly used epitaxial
DBRs based on the AlGalnAs material system. Fig. 1 depicts
an isometric view of the SC-VCSEL structure. Highly
compressively strained AlGalnAs/InGaAs quantum wells
yield high (differential) gain and guarantee high relaxation-
resonance frequencies being essential to achieve high
modulation bandwidths. Small diameter (<30 um) of the
semiconductor mesa, reduced contact-pad areas and benzo-
cyclobuthene spacer-layers allow for the reduction of parasitic
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Figure 2. L-I-V curves of a 5 um SC-VCSEL for 20, 50 and 80 degrees
Celsius heat-sink temperatures

effects compromising high speed modulation. For an in detail
account on the active region design and the BTJ concept, the
reader is referred to [11].

B. Device Performance

Presented results correspond to a typical SC-device with a
current aperture of 5 um and an effective cavity-length of
2.5 um. Figure 2 plots the voltage and output-power versus
current for different heat-sink temperatures. Threshold
currents range from 1.0 mA at 20 °C to 1.9 mA at 80 °C.
Maximum output powers are above 3.5 mW and 1.4 mW at
the respective temperatures. At 20 °C, the threshold-voltage is
only 0.95 V, indicating a voltage drop of less than 150 mV at
the hetero-barriers for photon energy of 0.8 eV. The inset of
Figure 2 shows the single-mode spectrum of the same device
operated at room-temperature and roll-over current. The side-
mode suppression ratio (SMSR) exceeds 40 dB over the entire
current and temperature range.

S21 Parameter (dB)

Frequency (GHz)

Figure 3. S21-response for a 5 pm device biased at various currents at 20°C
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same 5 pm device for different bias-levels at 20 °C. Maximum
modulation bandwidths exceed 20 GHz. For typical biases
applied under large-signal modulation the relaxation-
resonance peak is strongly damped, yielding a flat response as
favored by most applications.

Rise and fall times at 20%-80% of the devices are 16 ps and
21 ps, respectively. Measured relative intensity noise is -142
dB/Hz.

III. 4-PAM POLMUX

In order to investigate the ultimate capacity of a VCSEL-
based link, multilevel pulse amplitude modulation (PAM) is
proposed because of the combination of higher spectral
efficiency compared to on-off keying (OOK), suitability for
direct modulation of VCSELs with full bandwidth
exploitation, and simple demodulation. 4-PAM has advantages
over OOK of less sensitivity to time jitter and high-frequency
noise [13]. Furthermore, two times faster frequency required
on OOK wusually requires more than double power
consumption [13].

CMOS integrated circuits of 4-PAM drivers have been
previously demonstrated. Modulation of VCSELs has been
demonstrated at 10 Gb/s [14] including 2-taps feedforward
equalizer with CMOS 4-PAM drivers. However, CMOS 4-
PAM electrical transmitters have reached up to 32 Gb/s with
an output swing of 1250 mV [15]. With research equipment,
4-PAM VCSEL modulation up to 30 Gb/s has been presented
[16].

Figure 4 shows a representation of the eyediagram of a 4-
PAM PolMux modulation signal used in this work. The 4-
PAM signal is the result of adding up two 2-PAM signals,
with double amplitude of one respect to the other. In the
optical domain, two optical 4-PAM signals are combined with
orthogonal polarizations in order to minimize interference on
the optical transmission and allowing for independent
detection.

IV. FORWARD ERROR-CORRECTION

To compensate for transmission impairments, forward
error-correction (FEC) is an efficient solution. Unfortunately
this solution is also rather complex so various schemes of
concatenating simple component codes have been suggested.
Further the performance may be improved by iterative
decoding methods. In this paper we propose two different
product codes with shortened BCH (Bose-Chaudhuri-

Figure 5. Product code structures. a) 20% overhead FEC. b) 7% overhead
FEC

Hocgenghem) component codes and iterative decoding [17].
The resulting product codes have lengths of 1138489 bits and
152881 bits with 7% and 20% overhead, respectively. We
choose hard-decision FEC since it has already proved 10 dB
net coding gain, and requires less effort than soft-decision
FEC for real-time implementation. Figure 5 shows the code
structure for both codes used in the forward error correction.
Both codes are able to correct three errors and detect error
patterns of even weight, e.g. patterns with four errors. This
detection is included to reduce the risk of making wrong
decodings. This risk is further reduced by using BCH codes of
original length 2'" — 1 shortened to lengths of 391 and 1067
for the two different overhead values.

As described above, iterative decoding provides a good
performance. The performance as a function of the input bit
error rate may roughly be described as a section where the
coding does not improve the performance and then a rather
steep section — as a threshold — where the performance
improves drastically down to the so-called error-floor where
the performance only improves slightly. The overall
performance goal for the presented system is an output bit
error rate of 10" and the codes are chosen such that the error-
floor may be calculated to be below this number. For a
product code the threshold may be estimated by a method
shown in [18] to be 4.8:10 and 1.3-107% (aiming at 10™"%) for
the 7% overhead and 20% overhead codes, respectively.

The codes proposed here are much stronger than the code
suggested for IEEE 802.3bj [19] with overhead 2.7%. The
suggested code obtains output bit error rate of 107" at an input
error rate at 4.7-107°.

V. EXPERIMENTAL DEMONSTRATION

In the section we describe the setup of our experiment to
assess the performance of a 100 Gb/s transmission by
modulating the VCSEL described in Section II, with the
modulation format of Section III and applying the terror
correction explain in Section IV. Figure 6 shows the setup of
the transmission experiment. The link is analyzed with
pseudorandom binary sequences (PRBS) and with both
forward error correction (FEC) patterns described in Section
IV. The PRBS sequence has a pattern length of 2'' — 1. Two
uncorrelated 25 Gb/s subrate channels of an SHF 12103 A
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Figure 9. BER curve simulation. a) 7% overhead FEC, b) 20% overhead FEC

photodiode. A Lecroy 30 GHz, 80 Gsa/s digital storage
oscilloscope (DSO) is used to store the received signal for
offline demodulation. The offline signal demodulation
includes bit synchronization and adaptive decision threshold
gating. Afterwards, the offline forward error correction
decoding is performed. The implementation of the decoder is
discussed in [17].

VI. RESULTS

Digital upsampling of the signal to an oversampling factor
of 10 has been used for better demodulation. Demodulation is
done in blocks of 5000 bits, with clock recovery and decision
thresholds update every block. Figure 7 shows the histogram
of one block at the optimum sample point of the received
signal. The minimums of the histogram are taken as the
symbol decision thresholds. The least significant bit (LSB)
and most significant bit (MSB) of each symbol are two
uncorrelated patterns. After demodulation, error counting of
the received LSB and MSB is done independently comparing
each bit-stream with the corresponding pattern.

Figure 8.a shows the bit error rate (BER) curve for the MSB
after 100 m and with back-to-back (B2B) configuration
respect to the received optical modulation amplitude (OMA).
Figure 8.b shows the BER curves for the LSB. We can
observe worst performance in the LSB as it was expected due

to its higher error probability on the symbol. We have used
Gray mapping to facilitate error correction. BER curves for
the single polarization transmission are also included in Figure
8.a and 8.b. Penalty of 1 dB on received OMA sensitivity is
appreciated compared to dual polarization transmission.

Section IV presents 4.8:10 2 and 1.3-10 2 as theoretical pre-
FEC limit for the 7% overhead and 20% overhead codes,
respectively. However, since the decoding of a BCH code
sometimes results in a wrong codeword, the theoretical pre-
FEC thresholds increase in real implementations. In order to
estimate the real pre-FEC error, a simulation of the actual
decoding is shown in Figure 9. Simulating down to 107 is
impossible due to time reasons, but the curves seem to indicate
that thresholds of approximately 4.1-10° and 1.1-107%
respectively, are achievable. Figure 8.a and 8.b are plotted
with the estimated real pre-FEC limit. The 7% overhead FEC
is applied to the MSB and the 20% overhead FEC is applied to
the LSB based on the BER results returned from PRBS
sequence tests. Figure 8.a and 8.b show with a blue line the
FEC thresholds for 7% and 20%, respectively. Transmissions
below the threshold can be decoded to an output bit error rate
of less than 10*°. By applying different FEC codes to the LSB
and the MSB, the received OMA sensitivities for error free
demodulation coincide. We processed 1.6-10° bits for the FEC
decoding for both channels and got an error free sequence
after the offline demodulation and FEC decoding at —2 dBm
received OMA sensitivity. The FEC adapted in this way
maximizes the effective bitrate for error free demodulation.
The 7% and 20% overhead of the MSB and the LSM,
respectively, result in a total effective bitrate of 86.5 Gb/s.
Due to the limited number of FEC frames we can save on the
DSO, we theoretically calculated the error probability in a
longer sequence. Based on the theory in [20], as we had zero
errors in the experiment after several FEC decoding iterations,
we have, with 95% confidence, that the BER of less than
3-107" is expected in repeated experiments. Since the error
floor is less than 107 the possible error rate is expected to be
smaller especially if more iterations are used and thus a
virtually error free demodulation is still expected in a longer
time measurement.

VII. CONCLUSIONS

High capacity VCSEL transmission has been investigated
with multilevel pulse amplitude modulation at 50 Gbps with a
total linerate of 100 Gb/s by emulating polarization
multiplexing over 100 m SMF.

Error free demodulation of 1.6-10° bits was achieved after
forward error-correction with an effective bitrate of 86.5 Gb/s.

The system reduces to number of channels needed to reach
an aggregated capacity by increasing bandwidth efficiency and
including error correction capability. Scaling by 4 the
proposed system, by either spatial or wavelength multiplexing,
could be a candidate solution to provide future standards
capacity of 400 Gb/s.

Future work will experimentally scale the system with
independent sources for orthogonal polarization and channel
multiplexing; extend the fiber transmission length and
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evaluate dispersion effect; perform reliability test of the
VCSEL. Moreover, different combinations of FEC codes
could be investigated in order to determine an optimum
balance between effective bitrate, computation processing,
overhead and latency.
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Abstract: We report on migrating multiple-lane link into an L-band
VCSEL-based WDM system. Experimental validation achieves successful
transmission over 10 km of SMF at 4x14Gbps. Inter-channel crosstalk
penalty is observed to be less than 0.5 dB and a transmission penalty around
1 dB. The power budget margin ranges within 6 dB and 7 dB.
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1. Introduction

Over the past few years, the quick proliferation of Internet use and cloud computing
applications has substantially increased the bandwidth needs not only in backbones but
prominently in data processing centers (DPCs) [1]. Albeit great part of the traffic will
continue to flow between end-users and such computer centers, an increasing fraction is
flowing within the DPCs themselves [2, 3]. This situation has triggered a worldwide
investment to upgrade the existing facilities or building new ones in order to cope with the
growing bandwidth demand that has been estimated to reach $35BN in 2012 [4]. Accordingly,
the major networking technologies for the interconnection of peripherals and data storage
keep on releasing roadmaps and future milestones that clearly exceed the 10Gbps barrier, and
therefore recently solutions such as fourteen data rate (FDR) of InfiniBand technology [5] or
16GFC of Fiber Channel [6] have been proposed. However, the need to scale to higher and
bidirectional transmission capacities (bandwidth milestones reaching 300Gbps by 2013) [5] is
also accompanied by the demand to secure high density, low cost, efficiency and reliability.

MAINFRAME MAINFRAME

Fig. 1. Datacenter & Storage network topology migration. Multilane/multilink physical point-
to-point (P2P) connections (top). L-band VCSEL-based WDM system (bottom).

In this context, wavelength division multiplexing (WDM) techniques in combination with
compact integration of light sources and detectors, is an interesting technology candidate for
delivering scalable and flexible optical data links with low power consumption, high data
throughput, longer transmission distance, and the cost effectiveness needed to efficiently cope
with present and future stringent bandwidth requirements in data centers [1, 7-9].



In concordance, regarding light sources, VCSELs offer an attractive combination of high
bit rates, low power consumption and array integration that along with their tuning
capabilities make them perfectly suitable for compact and wideband optical interconnects
[8,10].

Long-wavelength technology is relatively new in vertical-cavity surface-emitting lasers
(VCSELs). Some investigations [11, 12] have demonstrated the feasibility of long-reach
WDM transmissions at 2.5 Gbps, where L-band is especially suitable due to the lower impact
of four-wave mixing (FWM) and the possibility of seizing upon distributed Raman
amplification. Some other ongoing investigations are using L-band VCSELs as downstream
(OLT to ONU) in a WDM-PON system as the new future proof FTTH technology [13].

In this paper we look into high-speed, cost-efficient and power-efficient VCSEL-based
WDM system oriented towards short-range optical fiber connectivity. Four L-band VCSELs
are directly modulated with quaternary pulse amplitude modulation (4-PAM) signal at 7
Gbauds to generate a total data nominal rate of 56 Gbps. The multilevel signal has been
chosen because of its spectral efficiency,. The 4 lanes are launched into a 50 GHz spaced
WDM system. Bit-error rate (BER), crosstalk penalty, transmission penalty and power margin
are measured for one of the middle carriers.

The paper is organized as follows. In section 2, a description of the VCSEL used for signal
modulation is presented. In section 3, the experimental setup is shown and described. In
section 4, details about the digital signal processing (DSP) are provided. Finally, in section 5
the main results and findings are presented .

2. Long-wavelength VCSELs

Historically, VCSELs for longer wavelengths of 1300 to 1700 nm have been difficult to
produce because of the refractive index of InGaAsP. But in the early 2000s, development of
different combinations of III-V elements led to more practical long-wavelength VCSELs [14].
In general, VCSELs are rapidly becoming the preferable light source for interconnect
applications owed to an interesting combination of high modulation bandwidth, low power
consumption and reduced manufacturing cost [10]. Besides, their 2-D array integrability, their
tuning capabilities and the light coupling ease due to its circular beam, make them perfectly
suitable for WDM systems. The following section provides the reader with relevant data about
the main characteristics of the device focusing on tunability and temperature considerations.
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Fig. 2. L-I-V curve of VCSEL#3 and monitor diode (MD) current.

The L-band VCSELs used for the experiments performed in this paper range between 1577
nm and 1583 nm. Such devices exhibit the following measured characteristics: maximum
output power around 3 mW and a 3-dB modulation bandwidth of 10 GHz at 20°C. The lasers
show fast rise and fall times, low threshold voltage (1.5 mA — 2 mA) with a maximum



operating rating around 19 mA, excellent side mode suppression ratio (SMSR) performance
and extremely low power dissipation. Figure 2 depicts the L-I-V curve of the VCSEL#3. For
its part, VCSELs’ tunability depends mainly on bias current and temperature. Table 1.
presents concrete measured values about the lasers” tuning ranges at 20°C and 40°C. Figure 3
shows the graphical trend of the emitted wavelength variation with respect to the bias current
and temperature for VCSEL#2 (1580.66 nm).
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Fig. 3. Tuning characteristics with respect to bias current and temperature of VCSEL#2.
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VCSELSs are much more sensitive to bias currents concerning wavelength tunability than to
temperature. Besides, changing temperature is a slow process, more complicated to control
and considerably more power consuming. Thereby, the experiment was conducted inside an
isolated room at ambience temperature and the measurements were taken after some
stabilization minutes. The impact of the little temperature drifts were corrected through slight
variations of the bias currents that never exceeded £0.5 mA max. An example of eye diagram
correction through bias current is shown in Fig. 4.

(a) (b)
Fig. 4 lllustration of a normalized digital eye diagram before bias current correction (a) and
after bias current correction (b).

Table 1. Bias current and their corresponding wavelength interval delimiters for each VCSEL.
20°C 40°C
Bias Current (mA) | Wavelength (nm) | Bias Current (mA) | Wavelength (nm)

VCSEL#1 6.82/15.51 1577.87/1580.37 6.75/14.32 1579.91/1582.13
VCSEL#2 6.25/14.89 1578.44 / 1580.90 6.12/13.75 1580.45/1581.44
VCSEL#3 6.23/14.48 1579.24 /1581.90 6.08/13.10 1581.24 /1583.50

VCSEL#4 6.86/14.53 1579.97/1582.57 6.98/13.40 1582.09/1584.31




3. Experimental setup

The experimental set-up is presented in Fig. 5. The pulse pattern generator (PPG) is used to
generate two pseudorandom binary sequences (PRBS) NRZ streams of length 2'°-1 at 7 Gbps.
The 4-PAM electrical signal is generated in the following way: Firstly, the two NRZ streams
are passed through 10 dB and 3 dB attenuators respectively in order to reduce reflections and
allow us to track the amplitudes while still keeping the convenient proportion for creating the
multilevel signal. Time decorrelation matching is adjusted with a mechanical delay-line
inserted into the higher power branch. Subsequently, the binary sequences are added up
through a 6dB power combiner to make the 14 Gbps 4-PAM signal shown in Fig. 6. The 4-
PAM signal is replicated by four with a 10 GHz active RF splitter. The peak-to-peak voltage
after amplification is set to 0.6 V for all the outputs and the time decorrelation between each
of them is perform with internal and pre-configured delay lines. The offset of the input signal
is tuned to locate the dynamic range well within the most linear range of the internal
amplifier.

DsP

Fig. 5. Experimental setup. Pulse pattern generator (PPG), array waveguide grating (AWG),
single mode fiber (SMF), digital storage oscilloscope (DSO), digital signal processing (DSP).

The four outputs of the splitter are driven into the L-band VCSELs. Bias-Ts and evaluation
boards are used with an initial bias current of 10.5 mA. The cathode, anode and reference pin
of the VCSELs were trimmed off to avoid interferences. Later on, they were appropriately
welded to flexible flaps that were connected to the evaluation boards. In order to improve
light coupling, four high-precision alignment stations were utilized to approach four
independent cleaved fibers to the lasers’ aperture. Backwards reflections were drastically
reduced by adding index-matching oil to the fibers’ end tips. The approaching process was
controlled with one microscope and one optical power meter.

(2) (b) ©
Fig. 6. Electrical 4-PAM signal (a). Optical 4-PAM signal after the VCSEL (b). Electrical 4-
PAM after the photodiode (c).



At the optimum light coupling, the lasers showed ~2.5dBm output power for the initial bias
current. In this stage the 4-PAM signals were injected (see Fig. 6.). The combined optical
spectrum after the first AWG was analyzed. The pre-established 10.5 mA bias currents were
tuned independently for each laser to make their output wavelengths match the 50 GHz-
spaced AWG’s channels. The center wavelengths are 1580.24 nm, 1580.66 nm, 1581.03 nm
and 1581.43 nm. Z-axis alignment was modified to create the flat optical spectrum shown in
Fig. 5. Minor changes in the bias currents and modulation amplitudes are performed at this
stage in order to optimize the individual eye diagrams.

The WDM signal is propagated over a 10 km-long pool of SSMF and demultiplexed with
another AWG. At the receiver side, the channel 1580.66 nm is measured. A variable
attenuator, a 20dB coupler and an optical power meter are used to control and monitor the
incoming optical power. One high-sensitivity PIN photodiode with integrated GaAs
preamplifier and 10GHz of 3-dB bandwidth is used to detect the signal. Finally, a 13 GHz
digital storage oscilloscope (DSO) at 40 GS/s is used to store the signal for offline processing.

4. Digital signal processing (DSP)

Quaternary pulse amplitude modulation (4-PAM) is used to achieve 14 Gbps (7 Gbauds) due
to the spectral efficiency of 2 bit/s/Hz.. Besides, doubling the modulation frequency in OOK
requires more than double power consumption [15]. This section shortly develops on the
offline demodulation stages of the 4-PAM signal and the enhancement features of the code to
attain improved BER results.

4.1 General BER calculation

For each power level, 10 frames in chunks of 2151 symbols (327670 symbols) are evaluated.
Two samples were stored for each power level so that the final BER results are averaged.
After storing the signal with the DSO, a ~3-fold up-sampling is performed. This makes
around 20 samples per symbol hence allowing the correction of the eye diagram’s tilt and
facilitating the optimum sampling point calculation. After resampling, reshaping is performed
for each of the chunks in order to create a matrix of dimensions 20x327670. This allows us to
overlap all the symbols (see Fig. 4.) to calculate the 2-D variance and thereby the optimum
sampling point of the combined shapeform.

The histograms for all of the chunks are calculated at the optimum sampling point with 60
bins each. By detecting the bin numbers with the lowest number of observations between
peaks, the amplitude thresholds are located. The noise distribution is not taken into account.
Once the optimum sampling points are determined, the 1/0 mapping is performed, giving 2
bits for every symbol analyzed (4-PAM). Finally, the BER is calculated by comparing the
binary sequences obtained for the least significant bit (LSB) and most significant bit (MSB)
with the circularly shifted PRBS used in the signal generation. The exact offset for each bit is
calculated by performing x-correlation. When error counting yielded error free transmission,
Gaussian fitting and estimated BER was applied. However, its utilization was exclusively
necessary to confirm the absence of error floors when the 4 channels were transmitting.

4.2 Enhanced features

Some further advanced signal processing was implemented to improve the BER results. Here
we briefly describe three of them. Desynchronization between DSO and our signal, eye
diagram tilt correction and Gray coding emulation.

The effect of the desynchronization between the DSO and the signal is a relative
displacement of the optimum sampling point with respect to the observation window. If this
effect was not taken into consideration, a symbol was counted twice every certain amount of
samples. This changes the PRBS offset and consequently increases the BER given that the
displacement is only calculated in the very first iteration to reduce the computation time. In
order to correct for this, the chunks were in turn subdivided into smaller pieces of around



5000 symbols and the displacement of the sampling point could be tracked with enough
precision. When the error occurred, the repeated symbol was automatically deleted and the
process continued.

The correction of the eye diagram’s tilt literally straightens the eye diagram so that those
points with higher variance in every level are put in a common sampling point for the four
levels instead of calculating the optimum compromise. An example of this can be observed in
Fig. 6. by comparing signal out of the VCSEL and the digitalized one.

Gray coding emulation can be performed when the PRBS is known as well as the relative
sequence offset of the LSB with respect to the MSB. In such case, by performing a logical
XOR between the original PRBS and itself displaced, a new PRBS is created for the LSB.
This reduces the number of errors in the LSB since the mapping for the MSB remains the
same.
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5. Results

The experimental results for each of the three measurements conducted are shown in Fig. 7.
Bit error rates are obtained for one of the center channels (1580.66 nm) in back-to-back
configuration (blue triangles), after 10 km SMF when only that specific channel is transmitted
(black squares) and after 10 km SMF when the four lanes are transmitted in parallel (red
circles). Targeting post-FEC bit error rate of 10, the green line in Fig. 7. indicates the
threshold (4.5-10-3) [16] of a 7% overhead FEC code.

The BER performance difference between single-channel and four-channel transmission is
negligible below ~16dBm received power. For higher power levels, an average crosstalk
penalty of less than 0.5dB is observed. The comparison with back-to-back performance shows
a transmission penalty of ~0.5dB with respect to single-lane configuration. Around 1dB
penalty is observed as compared to the four-lane case with a local maximum of 1.3dB.
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Fig. 8. Histogram of four-channel transmission frame (32767 bits) at -15dBm.

No error floors are observed within the tested received power interval and the WDM signal
clearly exceeds the 7%-FEC threshold for received power levels higher than -15dBm. This
grants error free transmission (BER~10"") under considerably relaxed power budget
conditions allowing hence the allocation of ~6-7 dB extra loss along the link.

Figure 8. shows the received histogram at the optimum sampling point for a frame of
BER~2.5-10" under full WDM operation at the 7%-FEC threshold, which corresponds to
-15dBm. Gray mapping is superimposed. The slightly higher accumulation of observations
between the 00-01 dip is due to slight instabilities that displace the optimum working point
(effect illustrated in Fig. 4.)

6. Conclusions

4x14Gbps L-band VCSEL-based WDM transmission over 10 km of SSMF was investigated.
Successful transmission of four channels with quaternary pulse amplitude modulation at
7Gbauds with post-FEC (7% overhead) error free operation has been proven. The crosstalk
power penalty was measured to be ~0.5 dB and the power budget margin ranges between 6dB
and 7dB. Our results show the potential of the reported system to migrate 4-lanes 56Gbps data
links into a compact WDM link.
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Abstract: We experimental demonstrate successful performance of VCSEL-based WDM link supporting
advanced 16-level carrierless amplitude/phase modulation up to 1.25 Gbps, over 26 km SSMF with spectral

efficiency of 4 bit/s/Hz for application in high capacity PONSs.
OCIS codes: (060.2330) Fiber optics communications; (060.4080 ) Modulation.

1. Introduction

The increasing bit-rate per user demand in access networks requires systems that can support higher capacity. In
order to satisfy the capacity needs, access networks are moving from classic spectral inefficient non-return to zero
time-division multiplexing (NRZ-TDM), to wavelength-division multiplexing (WDM) and more advanced
modulation formats. Moreover, the complexity raise has to be kept to the minimum in order make the system
feasible for access networks. Different techniques have been used for advanced modulation, such as discrete multi-
tone (DMT) [1], and carrierless amplitude/phase CAP [2]. For high-speed transmission, the overall CAP architecture
has been demonstrated to be less complex and with better performance than DMT architecture [3]. Moreover, high-
speed multilevel CAP implementation has been demonstrated by using analog filters [4].

Vertical cavity surface emitting lasers (VCSELS) are especially attractive for access networks, due to their low
manufacturing cost and low power consumption. Compared to edge-emitting lasers, VCSELs have inferior
performance in terms of linewidth, chirp, stability or linearity. Therefore it is very important to understand and
evaluate the feasibility of employing VCSELSs for applications requiring higher laser performance.

Our paper proposes and experimentally demonstrates a VCSEL-based WDM system with CAP modulation for
access networks. The experiment successfully demodulates 4 channels 100 GHz spacing after 26 km of SSMF. Each
VCSEL is directly modulated at 1.25 Gbps in a 312.5 MHz bandwidth, corresponding to a spectral efficiency of 4
bit/s/Hz. To our knowledge, this is the first demonstration of a VCSEL based WDM CAP system. This shows the
potential for using VCSELSs as light sources in DWDM PON, supporting spectral efficient modulation formats and
operating over a modest baseband bandwidth favoring low complexity electronics.

2. CAP Modulation for Access Networks and short-range links

Carrierless amplitude/phase modulation (CAP) is a multilevel and multidimensional modulation technique proposed
by Bell Labs [5]. In contrast with quadrature amplitude modulation (QAM), CAP does not use a sinusoidal carrier to
generate two orthogonal components. CAP uses two orthogonal signature waveforms to modulate the data in two
dimensions. At the receiver, two filters reconstruct the signal from each component. CAP is especially attractive for
access networks and short-range links as it uses low complexity electronics, and more channels allocation due to the
high spectral efficiency.

In this experiment, we have used four levels encoding for each dimension generating the so-called CAP-16.
Previous publication demonstrated 8 levels encoding CAP-64 [6], 3 orthogonal components 3D-CAP[7] and
working with bit-rate up to 40 Ghps [4].

3. Experimental Setup

Figure 1 shows the setup used in the proof of principle experiment. A 500 MHz-bandwidth, 1.25 Gsa/s Arbitrary
Waveform Generator (ArbWG) is used to generate the CAP-16 signal at 1.25 Gbps. ArbWG features limits our
CAP-16 signal up to 1.25 Gbps with an upsampling 4 to ensure no aliasing products. The 2 outputs of the ArbWG
are split in 2 and delayed to emulate 4 x 1.25 Gbps uncorrelated CAP signals. Each uncorrelated CAP signal directly
modulates a 1550 nm VCSEL. The output power of each VCSEL is approximately -1 dBm. At the transmitter side,
the four wavelengths or channels, are multiplexed with a passive optical power combiner; while at the receiver side,
wavelength demultiplexing is done with an arrayed waveguide grating (AWG). The power combiner has conversion
loss of 7.5 dB. The AWG has an insertion loss of 1.5 dB. The VCSELSs are wavelength-tuned by tuning the bias
current in order to fit the 100 GHz-spacing grid of the AWG. Optionally, 2 AWGs with the same grid can be used
for multiplexing and demultiplexing wavelengths, resulting in 6 dB additional power margin. The system was
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Mo.2.C.2.pdf 1 7/27/2011 4:18:10 PM



ECOC Technical Digest © 2011 OSA

evaluated after 26 km transmission of standard single mode fiber (SSMF), with total fiber attenuation of 7.8 dB. A
variable optical attenuator is placed after the fiber for bit error rate (BER) measurements. Each channel is detected
by a PIN photodiode and stored in a digital storage scope (DSO) for offline demodulation. The demodulation is done
in Matlab by filtering the signal with 2 receiving CAP filters to reconstruct each orthogonal component.
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Fig. 1. Experimental Setup. Arbitrary waveform generator (ArbWG), array waveguide grating (AWG), digital storage scope (DSO).
4. Results

The VCSELSs were tuned to fit the ITU channels number 50, 49, 48, and 46. The embedded graph in Fig.1 shows the
optical spectrum of the WDM-CAP signal with the corresponding wavelengths of each channel.

Figure 2 shows the CAP filters in time and frequency domain, and the electrical spectrum of the CAP signal
directly from the ArbWG. The 3dB-bandwidth of each 1.25 Gbps CAP-16 is 312.5 MHz that corresponds to
4 bit/s/Hz spectral efficiency.
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Fig. 2. CAP filters in time and frequency domain, and frequency spectrum of 1.25 Gbps CAP-16 after ArbWG

The received signal filtered with the receiver CAP filters is decomposed in both orthogonal components. Both
components can be represented in an 1/Q constellation diagram like QAM signals. Fig. 3.a shows the clear
constellation diagram of the demodulated electrical B2B signal. Fig. 3.b shows the demodulated optical B2B with
-19 dBm received optical power; constellation after electrical-to-optical conversion is still very clear. Fig. 3.c and d
show the signals at -22 dBm received optical power, for B2B and after 26 km configurations, respectively. No

constellation degradation is appreciated after transmission compared to B2B, as it is shown also later in the BER
curves.
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Fig. 3. Constellation CAP-16 for a) electrical B2B, b) optical B2B at -19 dBm, c) optical B2B at -22 dBm. d) after 26 km SSMF at -22 dBm.

Figure 4.a shows the BER curves of the demodulated channel 49 to evaluate the transmission effects and cross
talk between channels. The figure compares the performance when only channel 49 is transmitting and when the 4
channels are transmitting simultaneously. No receiver sensitivity power penalty is measured from multiplexing or
transmission. Figure 4.b shows all 4 channels after 26 km transmission. The forward error correction (FEC) limit of
BER = 2,2¢1072is considered as a reference. We achieved received power sensitivity below -24 dBm for all the

channels.
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Fig. 4. BER curves CAP-16. a) Channel 49 b) all channels after 26 km SSMF.
5. Summary

We have experimentally demonstrated directly modulation of CAP-16 in commercially available VCSELSs, with
a spectral efficiency of 4 bit/s/Hz. The system has been evaluated with 4 close spaced channels at 1.25 Gbps each,
for a total bitrate of 5 Gbps over 26 km fiber transmission. All the channels achieved received power sensitivity
below -24 dBm. Future work will evaluate the system for higher bitrates overcoming the transmitter limitations by
using analog CARP filters.

We believe direct CAP modulation of VCSELS is a candidate for next generation PONSs and short range systems
due to the high spectral efficiency, scalability to higher order modulation, potentially low cost implementation and
simplicity compare to modulation formats with carrier.

6. References

[1] I. Kalet, “The multitone channel,” IEEE Trans. Commun., vol. 37, (Feb. 1989), pp.119-124.

[2] G.-H. Im, D. D. Harman, G. Huang, A. V. Mandzik, M.-H. Nguyen, and J.-J. Werner, “51.84 Mb/s 16-CAP ATM LAN standard,” IEEE J.
Select. Areas Commun., vol. 13 (1995), pp. 620-632.

[3] A. Shalash, K.K. Parhi, “Comparison of discrete multitone and carrierless AM/PM techniques for line equalization," IEEE International
Symposium on Circuits and Systems, vol.2 (1996). pp. 560-563.

[4]J. D. Ingham, R. Penty, I. White, D. Cunningham. "40 Gb/s Carrierless Amplitude and Phase Modulation for Low-Cost Optical
Datacommunication Links," Conference on Optical Fiber Communications, OFC (2011).

[5] Chen, W. Y.; Im, G. H.; Werner, J. J.; , “Design of Digital Carrierless AM/PM Transceivers”, AT&T and Bellcore contribution to ANSI
T1E1.4/92-149, (1992)

[6] M. Wieckowski, J. B. Jensen, I. Tafur Monroy, J. Siuzdak, J. P. Turkiewicz. " 300 Mbps Transmission with 4.6 bit/s/Hz Spectral Efficiency
over 50 m PMMA POF Link Using RC-LED and Multi-Level Carrierless Amplitude Phase Modulation," Conference on Optical Fiber
Communications, OFC (2011).

[7] A. Shalash, K.K. Parhi, * Multidimensional Carrierless AM/PM Systems for Digital Subscriber Loops," IEEE Transactions on
Communications, vol. 47, no. 11, November (1999).

Mo.2.C2.pdf 3 7/27/2011 4:18:10 PM



Paper 11: Carrierless amplitude
phase modulation of VCSEL with 4
bit /s/Hz spectral efficiency for use
in WDM-PON

R. Rodes, M. Wieckowski, T.-T. Pham, J.B. Jensen, J. Turkiewicz, J. Siuz-
dak, and I.T. Monroy, “Carrierless amplitude phase modulation of VCSEL
with 4 bit/s/Hz spectral efficiency for use in WDM-PON," Optics Express
vol. 19, no. 27, pp. 26551-26556, 2011.

89



Carrierless amplitude phase modulation of
VCSEL with 4 bit/s/Hz spectral efficiency for use
in WDM-PON

Roberto Rodes,"" Marcin Wieckowski,"” Thang Tien Pham,' Jesper Bevensee Jensen,'
Jarek Turkiewicz,” Jerzy Siuzdak,” and Idelfonso Tafur Monroy'

'DTU Fotonik, Technical University of Denmark, Denmark
*Warsaw University of Technology, Poland
rrlo@fotonik.dru.dk

Abstract: We experimentally demonstrate successful performance of
VCSEL-based WDM link supporting advanced 16-level carrierless
amplitude/phase modulation up to 1.25 Gbps, over 26 km SSMF with
spectral efficiency of 4 bit/s/Hz for application in high capacity PONs.
©2011 Optical Society of America

OCIS codes: (060.2330) Fiber optics communications; (060.4080 ) Modulation.

References and links

—_

1. Kalet, “The multitone channel,” IEEE Trans. Commun. 37(2), 119-124 (1989).

2. G.-H.Im, D. D. Harman, G. Huang, A. V. Mandzik, M.-H. Nguyen, and J.-J. Werner, “51.84 Mb/s 16-CAP
ATM LAN standard,” IEEE J. Sel. Areas Comm. 13(4), 620-632 (1995).

3. A. Shalash and K. K. Parhi, "Comparison of discrete multitone and carrierless AM/PM techniques for line
equalization," [EEE International Symposium on Circuits and Systems, 2, 560-563, (1996).

4. J.D.Ingham, R. Penty, I. White, and D. Cunningham, "40 Gb/s carrierless amplitude and phase modulation for
low-cost optical datacommunication links," Optical Fiber Communication Conference and Exposition
(OFC/NFOEC) (2011).

5. W.Y. Chen, G. H. Im, and J. J. Werner, “Design of digital carrierless AM/PM transceivers,” AT&T and
Bellcore contribution to ANSI T1E1.4/92-149, (1992).

6. M. Wieckowski, J. B. Jensen, I. Tafur Monroy, J. Siuzdak, and J. P. Turkiewicz, “300 Mbps transmission with
4.6 bit/s/Hz spectral efficiency over 50 m PMMA POF link using RC-LED and multi-level carrierless amplitude
phase modulation,” National Fiber Optic Engineers Conference, OSA Technical Digest (CD) (Optical Society
of America 2011) paper NTuBS.

7. A. Shalash and K. K. Parhi, “Multidimensional carrierless AM/PM systems for digital subscriber loops,” IEEE
Trans. Commun. 47(11), 1655-1667 (1999).

8. D. Hillerkuss, R. Schmogrow, T. Schellinger, M. Jordan, M. Winter, G. Huber, T. Vallaitis, R. Bonk, P.
Kleinow, F. Frey, M. Roeger, S. Koenig, A. Ludwig, A. Marculescu, J. Li, M. Hoh, M. Dreschmann, J. Meyer,
S. Ben Ezra, N. Narkiss, B. Nebendahl, F. Parmigiani, P. Petropoulos, B. Resan, A. Oehler, K. Weingarten, T.
Ellermeyer, J. Lutz, M. Moeller, M. Huebner, J. Becker, C. Koos, W. Freude, and J. Leuthold, “26 Tbit s—1
line-rate super-channel transmission utilizing all-optical fast Fourier transform processing,” Nat. Photonics 5(6),
364-371 (2011).

9.  R. Shafik, S. Rahman, and A. R. Islam, “On the extended relationships among EVM, BER and SNR as

performance metrics,” in Proc. 4th International Conference on Electrical and Computer Engineering (ICECE),

408-411 (2006).

1. Introduction

The increasing bit-rate per user demand in access networks requires systems that can support
higher capacity. In order to satisfy the capacity needs, access networks are moving from
classic spectral inefficient non-return to zero time-division multiplexing (NRZ-TDM), to
wavelength-division multiplexing (WDM) and more advanced modulation formats. Moreover,
the complexity raise has to be kept to the minimum in order make the system feasible for
access networks. Different techniques have been used for advanced modulation, such as
discrete multitone (DMT) [1], and carrierless amplitude/phase CAP [2]. For high-speed
transmission, the overall CAP architecture has been demonstrated to be less complex and with
better performance than DMT architecture [3]. Moreover, high-speed multilevel CAP
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implementation has been demonstrated by using transversal filters developed for equalization
of NRZ data [4].

Vertical cavity surface emitting lasers (VCSELs) are especially attractive for access
networks, due to their low manufacturing cost and low power consumption. Compared to
edge-emitting lasers, VCSELs have inferior performance in terms of linewidth, chirp, stability
and linearity. Therefore, it is important to understand and evaluate the feasibility of employing
VCSELSs for applications requiring higher laser performance.

Our paper proposes and experimentally demonstrates a VCSEL-based WDM system with
CAP modulation for access networks. The experiment successfully demodulates 4 channels
100 GHz spacing after 26 km of SSMF. Each VCSEL is directly modulated at 1.25 Gbps in a
312.5 MHz bandwidth, corresponding to a spectral efficiency of 4 bit/s/Hz. To our
knowledge, this is the first demonstration of a VCSEL based WDM CAP system. Our
experiment shows the potential for using VCSELSs as light sources in WDM PON, supporting
spectral efficient modulation formats and operating over a modest baseband bandwidth
favoring low complexity electronics.

2. CAP modulation for access networks and short-range links

Carrierless amplitude/phase modulation (CAP) is a multilevel and multidimensional
modulation technique proposed by Bell Labs [5]. In contrast to quadrature amplitude
modulation (QAM), CAP does not use a sinusoidal carrier to generate two orthogonal
components. CAP uses two orthogonal signature waveforms to modulate the data in two
dimensions. At the receiver, two filters are used to reconstruct the signal from each
component. CAP is especially attractive for access networks and short-range links, as it
employs low complexity electronics, and allows for narrow channel spacing due to the high
spectral efficiency.

In this experiment, we have used four-level encoding for each dimension generating the
so-called CAP-16. Previous publication demonstrated 8 levels encoding CAP-64 [6], 3
orthogonal components 3D-CAP [7] and working with bit-rate up to 40 Gbps [4].

3. Experimental setup
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Fig. 1. Experimental Setup. Arbitrary waveform generator (ArbWG), array waveguide grating
(AWG), digital storage scope (DSO).

Figure 1 shows the setup used in the proof of principle experiment. A 500 MHz-bandwidth,
1.25 Gsa/s Arbitrary Waveform Generator (ArbWG) is used to generate the CAP-16 signal at
1.25 Gbps. ArbWG features limits our CAP-16 signal up to 1.25 Gbps with an upsampling 4
to ensure no aliasing products. The ArbWG has 10-bits vertical resolution. The 2 outputs of
the ArbWG are split in 2 and delayed to emulate 4 x 1.25 Gbps uncorrelated CAP signals. The
minimum decorrelation between channels is 7 ns or approximately 2 bauds. Each uncorrelated
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CAP signal directly modulates a commercially available 1550 nm-wavelength, 4.5 GHz-
bandwidth VCSEL from RayCan. The output power of each VCSEL is approximately -1
dBm. At the transmitter side, the four wavelengths or channels, are multiplexed with a passive
optical power combiner; while at the receiver side, wavelength demultiplexing is done with an
arrayed waveguide grating (AWG). The power combiner has conversion loss of 7.5 dB. The
AWG has an insertion loss of 1.5 dB. The VCSELs are uncooled. The VCSELs are
wavelength-tuned by tuning the bias current in order to keep wavelength spacing and fit the
100 GHz-spacing grid of the AWG. Optionally, 2 AWGs with the same grid can be used for
multiplexing and demultiplexing wavelengths, resulting in 6 dB additional power margin. The
system was evaluated after 26 km transmission of standard single mode fiber (SSMF), with
total fiber attenuation of 7.8 dB. A variable optical attenuator is placed after the fiber for bit
error rate (BER) measurements. Each channel is detected by a 10 GHz PIN photodiode and
stored in a digital storage scope (DSO) for offline demodulation. The demodulation is done in
Matlab by filtering the signal with 2 receiving CAP filters to reconstruct each orthogonal
component.

4. Results

The VCSELSs were tuned to fit the ITU channels number 50, 49, 48, and 46. The embedded
graph in Fig. 1 shows the optical spectrum of the WDM-CAP signal with the corresponding
wavelengths of each channel. Figure 2 shows the 65-taps CAP filters in time and frequency
domain, and the electrical spectrum of the CAP signal directly from the ArbWG. The 3dB-
bandwidth of each 1.25 Gbps CAP-16 is 312.5 MHz that corresponds to 4 bit/s/Hz spectral
efficiency.
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Fig. 2. CAP filters in time and frequency domain, and frequency spectrum of 1.25 Gbps CAP-
16 after AtbWG

The received signal filtered with the receiver CAP filters is decomposed in both
orthogonal components. Both components can be represented in an I/Q constellation diagram
like QAM signals. Figure 3(a) shows the clear constellation diagram of the demodulated
electrical B2B signal. Figure 3(b) shows the demodulated optical B2B with —19 dBm received
optical power; constellation after electrical-to-optical conversion is still very clear. Figure 3(c)
and d show the signals at — 22 dBm received optical power, for B2B and after 26 km
configurations, respectively. No constellation degradation is appreciated after transmission
compared to B2B, as it is shown also later in the BER curves.
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Fig. 3. Constellation CAP-16 for a) electrical B2B, b) optical B2B at -19 dBm, c) optical B2B
at -22 dBm. d) after 26 km SSMF at -22 dBm.

Figure 4(a) shows the measured BER curves of the demodulated channel 49 to evaluate
the transmission effects and cross talk between channels. The figure compares the
performance when only channel 49 is transmitting and when the 4 channels are transmitting
simultaneously. No receiver sensitivity power penalty is measured from multiplexing or
transmission. Figure 4(b) shows all 4 channels after 26 km transmission. The forward error
correction (FEC) limit of BER = 2.2¢ 107 is considered as a reference. We achieved receiver
power sensitivity below -24 dBm for all the channels.
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Fig. 4. BER curves CAP-16. a) Channel 49 b) all channels after 26 km SSMF.
5. Simulation of CAP requirements

In this section, simulations have been performed in order to determine the minimum
requirements for ADCs and digital filters in a CAP system.

5.1. Resolutions and sample rates:

The price of high performance Analog to Digital Converters (ADC) will not be suitable for
PON applications where cost reduction is the main challenge. It is desirable to reduce the
requirements in terms of sample rate and vertical resolution of ADCs. Simulations have been
performed to analyze what are the requirements for CAP-16 signals with respect to ADC
resolution, number of tabs in filters, and degree of oversampling in order to obtain good
performance with the minimum complexity. Figure 5 shows the demodulated constellation of
the simulated signal when different precision of the filter coefficients is used. The number of
filter taps on the simulation was set to the experimental value used of 65.
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bit precision.

Figure 6(a) shows the error vector magnitude (EVM) respect to the coefficient precision.
EVM of 12% corresponds to a BER at the FEC limit for a 16 QAM constellation [8] [9],
which is the same constellation than CAP-16. Bit precision of 6 or more are needed for
electrical signal with EVM below 12%.

The second parameter to consider is the sample rate. The maximum baud rate of our ADC
allows will depend on the sample rate of the ADC and the required oversampling of the CAP
signal. The optimum upsampling factor for a CAP system is 4, as described in [5].
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Fig. 6. EVM for CAP 16 respect to a) Coefficient precision, b) number of filter taps
5.2. Filter taps:

CAP modulation has been demonstrated to be simpler than DMT [3]. In contrast with DMT,
CAP does not require of IFFT and FFT to generate and demodulate multiple subcarriers.
Instead, CAP uses a filter or digital convolution with less computational complexity. This
simplicity makes CAP suitable for next generation access networks where cost is the main
challenge. The computational complexity to generate and demodulate CAP signals is directly
related with the number of taps of the CAP filter. Therefore, it is important to investigate the
requirements of the CAP filter in order to decrease the computational complexity maintaining
a good performance. Figure 7 shows the demodulated constellation of the simulated signal
using different number of filter taps. The number of bit precision on the simulation was set to
the experimental value used of 10. Figure 6(b) shows the EVM respect to the number of filter
taps. For an EVM below 12%, the number of taps has to be 33 or more.
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6. Summary

We have experimentally demonstrated directly modulation of CAP-16 in commercially
available VCSELSs, with a spectral efficiency of 4 bit/s/Hz. The system has been evaluated
with 4 close spaced channels at 1.25 Gbps each, for a total bitrate of 5 Gbps over 26 km fiber
transmission. All the channels achieved receiver power sensitivity below -24 dBm. Moreover,
we have presented simulation on the requirements of CAP signals. Future work will evaluate
the system for higher bitrates overcoming the transmitter limitations by using analog CAP
filters.

We believe direct CAP modulation of VCSELSs is a candidate for next generation PONs
and short range systems. CAP allows for scalability in multilevel and multidimension.
Therefore, CAP has a potentially very high spectral efficiency attractive for bitrates beyond
15 Gb/s where NRZ-OOK becomes challenging. Due to the high spectral efficiency, it has a
low bandwidth occupation and very close channel spacing without crosstalk can be achieved.
Therefore is also very attractive solution for dense. WDM-PON:Ss. It has a potentially low cost
implementation and simplicity compare to modulation formats with carrier.
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Abstract: QAM modulation utilizing subcarrier frequency lower than the symbol rate is both
theoretically and experimentally investigated. High spectral efficiency and concentration of
power in low frequencies make sub-cycle QAM signals attractive for IM-DD optical fiber
links with direct modulated light sources. Real-time generated 10-Gbps 4-level QAM signal

in

a 7.5-GHz bandwidth utilizing subcarrier frequency at a half symbol rate was successfully

transmitted over 20-km SMF using an un-cooled 1.5-um VCSEL. Only 2.5-dB fiber
transmission power penalty was observed with no equalization applied.
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1. Introduction

Vertical cavity surface emitting lasers (VCSELs) have several attractive properties such as
large modulation bandwidth, low driving voltage, wavelength tunability, wafer-scale testing,
easy packaging, and low carbon footprint [1-4]. These advantages make VCSELSs attractive
light sources for high-speed optical communication links in data centers and optical access
networks using intensity modulation/ direct detection (IM/DD) technique. Optical links that
use long-wavelength VCSELs and on-off keying (OOK) modulation are limited in
transmission reach by chromatic dispersion of optical fibers due to frequency chirping caused
by direct modulation of the VCSEL and large occupied bandwidth of signals [5-8]. For 10-
Gbps data transmission using 1.5-um VCSELs, a 3-dB power penalty after 10-km single
mode fiber (SMF) transmission was experimentally observed [6] and a 11-dB power penalty
after 20-km SMF was observed after numerical simulations [7]. To deal with the effect of
chromatic dispersion for OOK systems, dispersion management and dispersion mitigation
methods have been proposed [5-8]. Advanced modulation formats also have been proposed to
reduce the bandwidth of the signals. High-speed pulse amplitude modulation (PAM) for
VCSELs has been demonstrated [9]. Its scalability is limited because it is single dimension
modulation. Multi-tone modulation (DMT), a sub-class of orthogonal frequency division
multiplexing (OFDM)), is a promising technology for both increasing spectral efficiency and
dispersion tolerance. High speed data transmission of DMT signal using VCSELs has been
demonstrated recently [10-11]. However, to support high-speed data transmission, DMT
requires fast analogue to digital (ADC) and digital to analogue (DAC) converters.
Additionally, DMT transceivers consume high power for signal processing compared to
conventional OOK transceivers. A simpler method, single-cycle subcarrier quadrature
amplitude modulation (QAM) was proposed in which the subcarrier frequency is equal to the
symbol rate. Transmission of 10-Gbaud 16-QAM data in a 20-GHz bandwidth over 200-m
MMF using 850-nm VCSELSs has been reported [12].

In this paper, we analyze and demonstrate sub-cycle QAM modulation for spectrally efficient
VCSEL-based optical links. We point out that the subcarrier frequency can be reduced to a
quarter or a half of the symbol rate to improve spectral efficiency while the simplicity of the
transceiver is maintained. For instance, by using a subcarrier frequency at half the symbol
rate, the spectral width, defined as the frequency of the first null in the spectrum, of the QAM
signal is reduced by 25% compared to conventional QAM modulation. We demonstrate the
generation and detection of 10-Gpbs and 16-Gbps 4-QAM signals transmitted over 20-km and
3-km SMFs respectively using an un-cooled commercially available 10-GHz, 1.5-um
VCSEL. Bit error ratio (BER) below 4.8x107, the limit of forward error correction (FEC)
with 7% payload overhead, was achieved for both cases. 2.5-dB power penalty was observed
for 10-Gbps 4-QAM signal after 20-km fiber transmission.

2. Sub-cycle QAM modulation and demodulation

QAM is a two-dimensional signaling method which uses the in-phase and quadrature (cosine
and sine waves, respectively). Two basis functions of QAM [13]:
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The corresponding signal waveform of M-QAM signals:
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where Ey is the energy of the signal with the lowest amplitude and g(t) is a pulse shape. Ay,
and Apq denote the set of M possible amplitudes for I and Q channels. The norms of two basis
functions in a symbol duration [0, T]:
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The inner product of two basis functions in a symbol duration [0, T]:
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The two basis functions are orthogonal if integral of sin 47 f.t is equal to zero in a symbol

duration. We consider the cases subcarrier frequencies are lower than the symbol rate. There
are two basic options to achieve that.

2.1. Subcarrier frequency is at half symbol rate.
If the carrier frequency is a half the symbol rate, fc = 1 (half-cycle modulation), the
2T

integral in equation (6) is taken in one cycle of sin(47z fct) . It is equal to zero regardless the

phase of basis functions. The two basis functions for half-cycle QAM modulation:
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As in Eq. (7) and (8), there are two available values for each basis function: positive and
negative ones. When full cycle sine/cosine signals are used for data modulation. Those two
values of each basis functions are alternately used for two consecutive bits. Nevertheless the
two basis functions have unit norm regardless the sign. Therefore, they are an orthonomal set.
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Fig. 1. Simulated waveforms of BPSK signals from I and Q channels and 4-QAM half-cycle signal. There is a
half-period offset between the two signal components.
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Fig. 2. Simulated eye diagram of 5-Gbaud BPSK signal from I channel and 4-QAM signal in two-baud duration
(a,b): data bits start at +kn phase of subcarrier, (c,d): data bits start at a different phase.
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Fig. 3. Simulated eye diagrams of BPSK signal from a) I channel, b) Q channel and ¢) 4-QAM signal after
multiplication with sine signal for detection. Dash lines indicate center of bits - the optimal sampling instant.
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(b) 4-QAM signal, (c) 4-QAM signal after multiplication with sine signal. Dash lines indicate center of bits.



Examples of simulated waveforms of the BPSK signals from I and Q channels and 4-
QAM half-cycle signal are depicted in Fig.1. Simulated eye-diagrams of the BPSK signals
and the 4-QAM signal are illustrated in Fig. 2. In Fig. 2(a) and 2(b), data bits start when the
phase of subcarrier is +kz (k=0, 1, 2...) while in Fig. 1(c) and 2(d) data bits start at +n/4+kz of
the subcarrier phase. Data in Q channel is half a bit delayed to make the half-cycle QAM
signal consistent with the signal generated in the experiment which is presented in section 3.

The half-cycle QAM signal can be demodulated using a correlation receiver [13]. When
multiplied with sine/cosine signals, two values of each basis function are again alternately
used. It removes the effect of the sign of the basis functions on the demodulated data. Figure 3
shows the eye-diagrams for two symbols of the BPSK signals from I and Q channels and the
4-QAM signal after multiplication with a sine signal for detection. It shows clearly that the
optimal sampling point for threshold gating is at the center of bits when the interference is
zero. Therefore, the integration step can be eliminated. The theoretical BER for half-cycle
QAM modulation is similar other subcarrier frequencies which is expressed in [13]. The
theoretical and simulated BER of the half-cycle 4-QAM signal versus energy-per-bit-to-noise
ratio (Eb/NO) in additive white Gaussian noise (AWGN) channel is presented in Fig. 4.

2.2. Subcarrier frequency is at a quarter of the symbol rate.
In this case, the integral in equation (6) is taken in one half cycle of sin(47r fct) starting

at +77/2 and ending at F77 / 2, precisely. It means that data bits must start at +l77/2+7/4
(I=1,2, ...). The two basis functions for quarter-cycle QAM modulation:

¢4 (t)= i\/%g (t)cos(Zﬂ%t+;ﬂj t=[0, T], k=1,3 ©)

¢ (t)=7F ,ég(t)sin(Zﬂ%t+Eﬁ) t=[0, T], k=1,3 (10)

There are four possible values for each basis functions as expressed in Eq. (9) and (10).
However, these four values gives only two different norms. Different norms from different
basis functions make the same symbols have different energy levels. Similarly to half-cycle
modulation, when full cycle of sine/cosine signal is used for data modulation, all four values
are alternately used. Example waveforms of BPSK signals from I and Q channels and 4-QAM
quarter-cycle signal are depicted in Fig. 5. Eye-diagrams of the I channel output and 4-QAM
signal are illustrated in Fig. 6(a) and Fig. 6(b). Figure 6(c) represents the eye-diagram of 4-
QAM signal after multiplication with the sine signal. As shown in the figure, the interference
from the Q channel is zero at the center of the bits. However, the waveforms and average
levels of two consecutive bits are totally different. It means that quarter-cycle modulation not
only requires strict phase condition alignment but also a more complicated method for
detection.

3. Experimental setup

Due to the strict phase requirement for signal generation and complication of signal detection
of quarter-cycle modulation, we chose only half-cycle modulation for the experiment. The
experimental setup is illustrated in Fig. 4. There are two important parts in the setup: real time
generation and transmission of a half-cycle 4-QAM signal.
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Fig. 7. Experimental setup: Pulse pattern generator (PPG), photodetector (PD), variable optical attenuator
(VOA), single mode fiber (SMF), digital storage oscilloscope (DSO).

3.1. Half-cycle 4-QAM signal generation

To generate the electrical half-cycle 4-QAM signal, we used the method proposed in [12].
However, in our case, the subcarrier frequency was equal to half the symbol rate. 2.5/4-GHz
subcarrier and synchronized 5/8-Gbps data with PRBS length of 2'°-1 were fed to a 13-GHz
bandwidth XOR gate (Inphi 13610XR) to create two BPSK signals in the two outputs of the
XOR gate. Due to the slow response of the XOR gate, the data bit stream was delayed
approximately n/4 to force the XOR outputs always cross the zero level regardless the input
bits. One output of the XOR gate was delayed and then combined with the other one using a
power combiner to form a 4-QAM signal. The delay time was optimized in order to secure
that the two signals from the XOR outputs are uncorrelated and 90 degrees out of phase.
Utilizing a XOR gate to generate half-cycle QAM signals means transmitters of half-cycle
QAM signals can be integrated using existing semiconductor process technologies. Compact,
low-power transmitters can be produced.

The half-cycle QAM signal has some special features. Firstly, the first null in the spectrum of
the signal is at 1.5 times the symbol rate while the first null point of single cycle QAM
modulation is at twice the symbol rate. This means that the spectral efficiency of half-cycle
QAM modulation is improved by 25% compared to single cycle modulation. The spectra of
the generated half-cycle and single-cycle 5-Gbaud 4-QAM signals are illustrated in Fig. 5. It
is observed that the width of the first lobe of the half-cycle modulation and the single-cycle
modulation is 7.5 and 10 GHz, respectively. In comparison with a OOK signal at the same bit
rate, the spectrum of half-cycle signal has similar shape to that of the OOK signal but width of
slopes is smaller. For instance, in the case of a 4-QAM signal, the first lobe is 25% less and
higher order lobes are 50% less than that of the OOK signal. Secondly, unlike the single-cycle
QAM signal, most of the power of the half-cycle QAM signal is concentrated in the low
frequency region. This makes the signal more tolerant towards high-frequency roll-off of
VCSELSs and photodiodes.

3.2. Half-cycle QAM signal transmission

The generated 4-QAM signal was fed to an un-cooled 1.5-pym VCSEL using a BiasT. The
threshold current of the VCSEL was 17 mA and it was biased at 22.5 mA for the best
performance. With 5-Gbaud data, the optical signal from the VCSEL was transmitted over 20-
km standard SMF. The 8-Gbaud signal was transmitted through 3-km SMF. A variable
optical attenuator (VOA) was utilized to vary the optical power level into the photodetector
(PD). The 3-dB bandwidth of the VCSEL, evaluation board and PD was approximately 10
GHz. The photodetected signal was digitized using a 40-GSamples/s digital storage
oscilloscope (DSO) for offline digital signal processing (DSP). The DSP algorithm was kept
simple without any equalization technique. It includes 1/Q detection, optimal sampling,
threshold gating and bit error rate (BER) calculation. It indicates that receivers for half-cycle



QAM signals can be developed by using the current technologies for receivers of OOK and
PAM signals without employing a high-speed ADC.
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Fig.8. Spectrum of (a) 5-Gbaud half-cycle 4-QAM signal and (b) 5-Gbaud single-cycle 4-QAM signal
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Fig 9. Eye-diagram of electrical 10-Gbps 4-QAM signal: (a) after XOR gate and after photodetection (b) at B2B
and (c) after 20-km SSMF transmission.

4. Experimental results

4.1. Performance of half-cycle QAM signals

The eye-diagrams of the 10-Gbps 4-QAM signals driving the VCSEL, detected signals B2B
and after fiber transmission is illustrated in Fig. 6. To assess the performance of the system,
approximately 150k symbols (300k bits) were used to calculate the BER of the signals at both
data rates. This number of symbols is limited by BER measurement using offline processing.
The lowest detectable BER when there is error is approximately 107°. Figure 3 shows the BER
of the signals B2B and after fiber transmission. For the 5-Gbaud signal, the optical power to
achieve BER of 10” was about -12 dBm and -10 dBm for B2B and fiber transmission cases,
respectively. Assuming that product code with shortened BCH (1023,992) (Bose-Chaudhuri-
Hocgenghem) component codes is used and 7% payload is utilized for FEC header, the limit
of pre-FEC BER aiming for after- FEC BER of 107 is 4.8x107 [14]. At this FEC limit, the
receiver sensitivity B2B was approximately -15 dBm and the power penalty after 20-km
SSMEF transmission was only 2.5 dB.

For the 8-Gbaud signal B2B, as shown in Fig. 3(b), the receiver sensitivity at BER of 10™ was
about -6.7 dBm and at the FEC limit was -11.0 dBm. Due to the increased signal bandwidth
and the strong effect of jitter after fiber transmission, the 8-Gbaud signal has higher
transmission power penalty than the 5-Gbaud signal. After 3-km SMF, the power penalty was
approximately 1.5 dB. In general, the receiver sensitivity was approximately 5 dB worse than
for the 5-Gbaud signal. This performance limitation are attributed the imperfection of the
generated QAM signal before modulation and limited bandwidth of the transceivers. The
generated 8-Gbaud signal had lower signal-to-noise ratio (SNR) than the 5-Gbaud signal and
the bandwidth of the 8-Gbaud signal was 12 GHz. Examples of the constellations of both 5-



Gbaud and 8-Gbaud signals before modulating the VCSEL and at B2B are presented in Fig. 8

and Fig. 9.
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Fig.10. Performance of 4-QAM signals at B2B and after fiber transmission: (a) 5 Gbaud (10Gbps) and (b) 8
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Fig. 12. Constellation of 8-Gbaud 4-QAM signal: (a) generated electrical signal and (b) at -6.5 dBm B2B

4.2. Comparison with OOK signal

In this section, we compare the performance of our proposed half-cycle QAM signal with the
conventional OOK signals. Two data rates of 5 Gbps and 10 Gbps with direct current (DC)
removed were chosen for the comparison with 5-Gbaud 4-QAM signal. The 5-Gbps OOK
signal has the same baudrate while the 10-Gbps signal has the same data rate to the half-cycle
QAM signal. The peak-to-peak voltage (V) of OOK signal driving the VCSEL was chosen
to be equal to the V,, of the half-cycle QAM signals at the optimal sampling points as shown
in Fig. 2(a). No other conditions of the experiment were changed. The performance of OOK
signals at B2B and after 20-km fiber transmission is illustrated in Fig. 4.

At the FEC limit, the sensitivity of the QAM signal was approximately 2 dB and 1.5 dB lower
than that of 5-Gbps and 10-Gbps OOK signal because the QAM signal has lower signal-to-



noise ratio (SNR). Power penalty after 20-km fiber transmission of 5-Gbps OOK signal was
only 1 dB but power penalty of 10-Gbps signal was about 3-dB at FEC limit and increased up
to 5-dB at BER of 107, It means that the half-cycle QAM signal has improved the dispersion
tolerance by only 0.5 dB at FEC limit but it increases dramatically at lower BER. At BER of
107, 2.5-dB improvement has been observed.
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Fig. 10. Performance of 5-Gpbs and 10-Gbps NRZ signals at B2B and after fiber transmission in comparison
with 10-Gbps half-cycle 4-QAM signal.

6. Conclusions

We have investigated QAM modulation utilizing sub-cycle subcarrier for VCSEL-based
optical links to improve spectral efficiency. The transmission of 10-Gbps 4-QAM data in 7.5-
GHz electrical bandwidth over 20-km single mode fiber was demonstrated with BER below
the FEC limit and only 2.5-dB power penalty. Half-cycle signals have superior dispersion
tolerance compared to OOK signals at the same data rate. Spectral efficiency can be improved
by increasing the levels of the QAM signal. Both the transmitter and the receiver can be
implemented using available electronics. Half-cycle subcarrier QAM modulation has potential
for applications in high-speed PON networks as well as high-performance data centers.
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Abstract—We propose VCSEL based impulse-radio ultra-
wideband technology for energy efficient high-speed wireless
networks; with full passive signal distribution, from the central
office to the home with high-speed wireless connection to the final
user.

Index Terms—Energy efficiency, passive optical network,
ultra-wide band, vertical cavity surface emitting laser.

I.  INTRODUCTION

Recently, energy consumption has become a key
environmental issue for all industrial sectors including
information and communication technologies (ICT) [1].
Impulse radio (IR) ultra-wideband (UWB) is acquiring
attention for high-speed short-range wireless communication
because of advantages such as high bandwidth and
coexistence with other technologies. The extremely low
radiated power allowed for this technology [2] ensures non-p

roblematic coexistence with other narrow-band technologies
sharing the same spectrum, and makes UWB a good candidate
for energy-efficient short-range communication systems. In
order to harvest the potential energy efficiency provided by
IR-UWB technology, it is important that the backhaul fiber-
optic link is passive and based on low-power consuming
photonic technologies.Vertical cavity surface emitting lasers
(VCSELs) have long been promoted as a promising
technology because of their low cost of high-volume
production and low drive current compared to distributed
feedback (DFB) lasers.

In this paper, we propose and demonstrate the application of
directly modulated VCSELSs for transmission of impulse radio
IR-UWB over a 25 km un-amplified standard single mode
fiber (SSMF) without dispersion compensation. The signal is
transmitted through the fiber, photodetected, and fed directly
to the transmitting antenna without electrical amplification.
Due to the efficient use of the UWB spectrum, bit-error-ratio
(BER) of less than 107 is achieved for 2 and 3 Gbps signals
after up to 4 and 2 m wireless transmission , respectively.

II.  EXPERIMENTAL SETUP
Fig. 1 shows the experimental setup. A fifth order derivative
Gaussian pulse shape was chosen due to its good compliance
with the FCC mask [2]. The signal is electrically generated by

bandwidth and a sample rate of 24 GSa/s. Bipolar non return

LNA HPF
&

Fig. 1. Experimental setup

to zero coding of the UWB pulse is employed in order to
reduce spectral lines at the pulse repetition frequency. The
signal pattern is a pseudorandom bit sequence (PRBS) of word
length 2'"-1. The output of the AWG directly modulates a
VCSEL at a wavelength of 1550 nm, with a peak-to-peak
voltage signal of 0.5 V. The bias point of the VCSEL is set at
15 mA. The measured optical power launched to the fiber is
0.26 dBm. The signal is transmitted over 25 km of SSMF,
with total fiber attenuation of 5.1 dB and dispersion of
435 ps/nm. No optical amplification or dispersion
compensation is used. The input power to the photodetector
(PD) is -4.9 dBm. The optical UWB signal is recovered by a
PIN photodiode and fed to the transmitter antenna through a
band pass filter to ensure compliance with the FCC mask.
Transmitter and receiver antennas are both bowtie phased-
array antennas with a gain varying from 4.65 to 12.5 dBi
within the 3.1- to 10.6-GHz spectrum, and a gain value of
10 dBi at the signal peak frequency of 6 GHz. On the receiver
side, the signal from the antenna is high-pass filtered with a
3.1 GHz cut-off frequency, and electrically amplified before
being digitized by a digital sampling scope (DSO). Data
demodulation is performed using an off-line algorithm which
performs synchronization and calculates the correlation
between the received signal and a fifth-order derivative
Gaussian pulse before performing single-threshold decision
gating.

III. EXPERIMENTAL RESULTS

Fig. 2 shows the eye diagram of the signal detected by the
photodiode after fiber transmission. The eye diagram is clearly
open and no error is detected after demodulation. The 5-peak
shape of the eye diagram is a consequence of the 5" derivative
Gaussian pulse used in the experiment. The experiment was

an arbitrary waveform generator (AWG), with 9 GHz performed with 2 Gbps and 3 Gbps UWB signals. 10° bits
were recorded for each wireless distance at 1, 2, 3 and 4
meters. Table 2 shows the BER obtained after demodulation.
978-1-4244-5369-6/10/$26.00 ©2010 IEEE 222



Component

High energy consumption

Low energy consumption approach

Laser Source

DFB: T.C= 20 mA; W.C.= 30-40 mA

VCSEL: W.C.=7-15 mA

EDFA: W.C.= 150 mA

Optical Amplification

SOA: T.C. = 10 mA; W.C.= 100 mA

No optical amplification

RSOA: T.C.= 10 mA; W.C. = 20-50 mA

Electrical amplifier

Broadband electrical amplifier:
W.C. =300 mA

No electrical amplification

Transmitter antenna

Omni directional antenna.
Radiatted power in all directions.
No gain.

Directive antenna. Focus emitted power.
High gain.

Table 1. Comparison of energy saving key factors
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Fig. 3. Eye diagram: 3 Gbps after photodetection.

After 1 and 2 meters wireless transmission at 2 Gbps, and
after 1 meter at 3 Gbps, no errors were detected in the 10°
recorded bits. At 2 Gbps, the BER remained below the FEC
limit of 10-3 even after 4 meters wireless transmission. It
should, however, be emphasized the FEC was not employed in
the experiment, and that the effective data-rate in the case of
7% FEC overhead would be 1.86 Gbps. Fig. 4 and 5 show the
eye diagrams of the received and demodulated signals. A clear
and open eye diagram is observed after 2 meters at 3 Gbps; for
2 Gbps after 4 meters, the eye is slightly more closed.

Bit-rate
Distance 2 Gbps 3 Gbps
1 m <107 <10°
2m <107 7.08x10°
3m 1.04x10° 4.49x107
4m 4.99x10" 7.21x107

Table 2. BER after fiber and wireless transmission

Our achieved experimental results demonstrate the viability
of the proposed system from a performance point of view. In
order to address the increment in energy efficiency obtained
by the proposed system (VCSEL, passive optical link,
directive antennas), a comparison with a more conventional
system based on DFB lasers, optical amplification and
omnidirectional antennas has been made on Table 1.

Normalized amplitude

] (3 1 5
Time (s) w10
Fig. 4. Eye diagram: 3 Gbps over 2 meter airlink

RE3 1 05

IV. CONCLUSION

This paper presents a system approach based on VCSEL for
distributing high-speed IR-UWB signals in an energy efficient
communication system. By eliminating all amplifiers for the
optical transmission part as well as for the wireless
transmission part (apart from a single amplifier after the
receiving antenna), system complexity and power
consumption have been considerably reduced. With our
proposed scheme, a 2 Gbps IR-UWB signal was transmitted
over 25 km SSMF and a 2 meter in-home wireless link with
no errors detected, and a BER of 4.99x10* after 4 meters
wireless transmission.
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List of acronyms

WAN wide area network

LAN local area network

EIRP equivalent isotropically radiated power
FCC Federal Communications Commission
ONU optical network unit

OLT optical line termination

ICl inter-carrier interference

ISl inter-symbol interference

SRRC square-root raised cosine filter
PAPR peak-to-average power ratio

FFT fast fourier transform

PSD power spectral density

PolMux polarization multiplexing

CW continuous wave

DMT discrete multitone

PAM-M M-ary pulse amplitude modulation
FEC forward error correction

HC-QAM half-cycle quadrature amplitude modulation
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SC-QAM single-cycle quadrature amplitude modulation
LO local oscillator

NRZ-OOK non return-to-zero on-off keying

QPSK quadrature phase shift keying

SMF single-mode fibre

MMF multi-mode fibre

WDM-PON wavelength division multiplexing passive optical network
WDM wavelength division multiplexing

BER bit error rate

AWG arrayed waveguide grating

DSP digital signal processing

QAM quadrature amplitude modulation

OFDMA orthogonal frequency-division multiplexing access
MB-OFDM multi-band orthogonal frequency-division multiplexing
ECL external cavity laser

DARPA Defense Advanced Research Projects Agency
DBR distributed Bragg reflector

DFB distributed feedback

CAP carrierless amplitude phase

PON passive optical network

VCSEL vertical-cavity surface-emitting laser

PAM-4 4-level pulse amplitude modulation

IFT inverse fourier transform

SNR signal-to-noise ratio
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LIV light-current-voltage
IR-UWB impulse-radio ultra-wide band
UWB ultra-wide band

RSOA reflective semiconductor optical amplifier
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