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CHAPTER 1.

VCSEL-BASED MULTIMODE FIBER OPTICAL INTERCONNECTS

Optical telecommunication systems play a significant, yet rarely visible role in
delivering our information transmission needs. Fibygtic communication systems form
the backbone of mobile networks, where only the last link between the base station and the
user & realized by radio transmission. The city, country and world spanning
telecommunication networks are also based on the unique ability of guided light to transfer
large amounts of data. Even the short reach networks in the data centers, which store online

videos, our emails and other data, are dependent on optical communicaiighst of the

8.0 _ 50% | 60%
7.0

Zettabytes ¥
per year 4.0

% Share of
30% Within
Data
Center
Traffic

0.0 0%
2016 2017 2018 2019 2020 2020

Fig. 1.1. Trend in the increaseddta traffic and percentage in data centers

growth indata trafficwith time, Fig. 11 [1], reveals that the data rata®e predicted to
steadily increase, while an increasing percentage of the traffic wiithie the data center

In order to keep up with this increasing demand there is a need to increase the data rates,
various standards have been developed by the IEEE 802.3 study{2jrotgpanswer the

market demand, the speed of optical interconnest®ban steadily increasing. So far, the
improvement has been largely due to continued development ef hstrireach sources

(verticalcavity surfaceemitting lasers [VCSELs])and detectors. However, the



throughputs and transmission distances of sifigéx in shortrange networks are already
limited by the low bangidth distance product of muttiode fibers (MMFs), which are
commonly used in such applications. Replacement of the MMF with single mode fiber
(SMF) could be a possible solution, but that Wdaequire single mode lasers, more precise
packaging and connectors which would drive the cost up. A more practical solution is to
use parallel optical links utilizing arrays of transmitters and receivers, along with ribbon
cables, in which many MMFs abeindled togther, as it is stated in td®G/100G Ethernet
standard [B The potential of such spatial multiplexing is however limited by the amount
of space available in the transceiver, which is typically desired to be comparable in size to
present smaflorm-factor pluggable transceivers. Therefore, there is a need for an increased
throughput and distance achievable with a single fiber in the-sdrge optical networking

applications.

1.1 Types ofMultimode Fiber

MMF is the most popular type of opticabér in shordrange optical interconnects
today. The main advantage of the MMF is a large core area, which relaxes alignment
tolerances in coupling, makes launching light from the transmitter easier and reduces costs.
The disadvantages of MMF, compared tg.eSMF are higher cost per meter and
intermodal dispersion. The higher cost per meter is offset by the fact that in a data center
with a large number of short links the connectorization is a biggeddestg factor. The
intermodal dispersion causes gilbroadening at the end of the fiber and reduces the
bandwidthdistance product. The typical MMF core diameter is between 50um and

62.5um. In most datacenter§M3 and OM4 fiber dominate optical interconnects,



Table 1.1. Comparison of OM3, OM4, and OMS5 fiber with standardized distances and *expected ¢

OM3 om4 OM5
Core Sizeim) 50 50 50(30)
Modal Bandwidth (EMBc GH&m) | >2@850nm | >4.7@850nm | Z%%ggxr
40GDbE (distance) 100m 150m 150m
100GbE (distance) 70m 100m 100m
40G-SWDM (distance) N/A *350m *440m
100G SWDM (distance) N/A *100m *150m

however, it is expected that OM5 will repla®®dl4 in newly built data center$ablel1.1

shows some of the basic differences betw@bt8, OM4 and OM%ased MMF links

1.2 High Capacity Optical Interconnects

ThecurrentlEEE 802.3In standard uses 25G VCSELs over fousixteenanes of
MMF at a data rate of 25.78125G to allow forward error correction (FCYhe 100G
MMF and 400G MMFstandards in respons¢o the need for higher density front panel
interfaces and the need to reduce the cost and power of 100G optics amgl Bald to
their simplicity and lack of digital signal processing (DSP), VCSBUF links are very
sensitive to numerous penaltidhie nost important impairments MMF links are due to
the ISl effects such as chromatic dispersion (CD), modal dispeididh (orrideal rise
time of the VCSEL, limited receiver bandwidth and noise impairments such as relative
intensity noise (RIN) of the VCSEL, mode partition noise (MPN) due to VCBIEIF
combination, thermal noise, electrical amplifier noise and shot nibike eeceiver. While
the CD is caused due to the wavelength dependence of the refractive index of the fiber, the
MD arises out of the relative delays between the different optical paths in the fiber and is

determined by the alpha profile of the gradedein@Gl) MMF.


mailto:4.7@850nm

MPN and RIN are related to the noise characteristics of a VCSEL. RIN represents
intensity fluctuations in the composite power output of a VCSEL and is a fumpendent
multiplicative noise. It is independent of the channel response. MPheasther hand is
caused due to a combination of the mode power fluctuations among different lasing modes
in a VCSEL and the dispersive element in the link, typically the fiber. The correlated
random fluctuations among the VCSEL transverse modes combitiedheidifferential
mode delays (DMD) due to the CD and MD of the MMF to cause random timing jitter in
the received pulse. This bounded random jitter which is termed as MPN is then measured

as intensity fluctuations at the sampling instant at the reci&jer

The new standard in development is focusing on 400G MMF interconnects over
fewer fibersusing shortwave division multiplexing (SWDMJhis inorporatestandards
for 26.5256Gbd PAM2 and PAM4, two lambda centeredt 850nm and 910nm
wavelengths, strager forward error correction, and equalization at the receiVierfocus
of this researchwill be to employ and evaluate strategies and techniques that have been
used in longhaul links in lowcomplexity, lowpower modems fo’VCSEL-MMF
interconnectsvith the goal of increasing data rates and fiber capatitis includes: MMF
with sufficient bandwidth to support multiple wavelengths of VCSELs (OM5), advanced
modulation formats and faster line rates, simple transmitter equalizatiofew tap pulse

shapim.

The rest of theéhesis is organized as followinGhapter 2 willgive a background on
Multimode fiber VCSEL communication link&hapter 3will go into detail on the effects
of VCSEL mode competition on fiber communication syste@iapter 4will introduce

VCSEL data communication systems and Bf®iabled links for faster data rat€hapter



5 will introduce shortwave division multiplexing for increasing fiber capacity. Chapter 6
will report on results using statd-the-art equipment and VCSELs. AnChapter 7 will

give some conclusions and direction towards next steps.



CHAPTER 2.

MULTIMODE FIBER VCSEL COMMUNICATION SYSTEMS

In general, any communication systemeedshree basic componeng:transmitter,
a communication channednd a receiver. The transmitter takes the incoming digital data
and converts it into a signal which can be transmitted over the communication channel.
The communication channel is a physicaédium used to transport the signal. Any
physical channel has a limited bandwidth, adds noise to the signal, and causes other
impairments, e.g. due to ndinearities of the components. The task of the receiver is to
recover the original data sent by thansmitter as accurately as possible. The two
fundamental properties, which characterize any communications channel, are bandwidth

and signato-naise ratio (SNR) in the receiver.

PAM-X _ Multimode Fiber -
—>  Waveform Driver — RF;?:Z:V);

Source ((( )
VCSEL . S N/ PN

Fig. 2.1: Block diagram of a typical short reach VCS¥MF communication link

This chapter aims at providing background in optics, photonics, and
communcations systems, regad to understand, with minimptior knowledge, the topics
coveredn this dissertationThis chapter does not claim to provide any noveltyreavily
calls upon prior arfrom the synthetic work oBzczerla et al. [, Agrawal et al. [T,

Balemarthy et al. [B Castro et al. [P and Pavaret al. [1Q.

2.1 Vertical-Cavity Surface-Emitting Lasers

2.1.1 Directly Modulated Lasers



In this research,he optical link starts with the directly modulated semiconductor
laser. Thes#ypes oflasers arevery power efficien{11], with overall power conversion
efficiencies >50 %being 8i rl'y common. i$ AneacramypnT fdr Light a s er 0O
Amplification by Stmulated Emission of Radiation, whibhefly summarizeshe process.

There are twaomponents of any lasesn optical resonance cavity and an optical gain
medium, which irthis researchs a semiconductor material. A photon travelling through

the gain menim is able to generate an identical photorotigh stimulated emission, i.e.
stimulating the recombination of an electiawie pair. The emitted photon will hatiee

same wavelength and phase (i.e. the same quantum state) as the stimulating photon. The
resorance cavity provides aonfinement of the photons, which leads to subsequent
repetition of the light amplification process. The optical resonance cavity is usually formed
between two mirrors, which can be builnamerousvays. To enable resonance, tawity
roundtrip distance must be an integer number of wavelengithe resonance can only
happerfor a discrete number of wavelengths and the separation between them is inversely
proportional to the cavity length. The gain medium in an electrically pdmp
semiconductor lasdypically consists of an intrinsic (undoped) layer of a semiconductor
material, placed between @nd i doped layers. This forms a semiconductor diode. When
the diode is forward biased, charge carriers (electrons and holes) adeumthia intrinsic

layer. Electrons in the conduction band states can transit to lower energy states in the
valence band, emitting the surplus energy as light. The transitions can be either
spontaneous or stimulated. The bandgap of the semiconductoriamatsed must
correspond to the energy of photons at desired operation wavelength. As the current is

increased, the number of carriers available for stimulated emission is increased, and



consequently the gain. When the gain exceeds the loss, which is dbearption and
cavity losses, the lasing threshold is reached. The current at which this happens is called
the threshold current. For magttical communication systemes|ow threshold current is
desired. There are many varieties of semiconductor |astasting with multiple
possibilities of forming resonance cavities in semiconductor ldsgmn simple Fabry

Perot type of cavities formed by cleaving of the edges of the lasernaliistributed
feedback reflectors (DFB) to external mirrors for tuedasers. The choice of material for

the laser is largely dictated by the required operation wavelength. For optical interconnects
the wavelength of operation itasdardized at around 8&® [19 and therefore GaAs

based materials are useainger wavelegths, such as 1060nm or 1090nm, will add an
indium alloy to create an InGaAs based matetigiht emitting diodes (LEDs) were used

in the firstshortrange communication systems, but they do not have sufficient modulation
bandwidth for modern applications shortrange optical links the laser combines the
functions of light source and modulator. In long reach systems directly modulated lasers
are usually avoided, because of large chirp, whitdracts with thehromatic dispersion

and can increase ordease the severityhis was not a major concern in shianhge links

until recently. A directly modulated VCSEL eliminates the bulky external modulators
which often require high driving voltages and so it became the preferred trangonitter

these shorteach communication links

2.1.2 VerticalCavity SurfaceEmitting Lasers

VCSELs were proposed over three decades ago bypheekse scientist Kenichi Iga
[13]. They gained populéy overthelate 1990s and 2000%4]. This type of laser emits

radiation fom the surface, in a direction perpendicular to thestsate. The main benefit



beingthat the Iaers can be easily tested omafer, before dicing or packaging, which
greatly reduces the production costs. The resonant cavity is most commonly formed by
reflectors comprised of alternating layers of high and low refractive index material, parallel
to the substrate, forming high quality distributed Bragg reflectors (DBRs). At least one of
the reflectors must be partially transmissive to enable extractlghofrom the laser. The
resonance cavity is located between the reflectors. Lateral confinement can be provided by
various means. In modern Gahased higkspeed VCSEL designs, it is typically done

with oxide apertures. The resonance cavity is perpeladito the substrate and is very
short and wide. This geometry supports a single longitudinal and multiple transverse
optical modes. Light is emitted from the laser vertically, along the direction of the cavity.
In the resonance cavity, there is a gainaedormed by a p-n junction. The popularity

of VCSELs can be attributed to some of their unique properties, like longitudinal single
mode operation, large modulation bandwidth and high quality circular beams. The most
important features are, howeverwlgost fabricatbn and low power consumption [[L5
Current state of the art (i.e. lowest) energy dissipation in a VCSEL usedafar
communication is below 100fJ per bit atG3ps[16, 17. The basic static property of any
semiconductor laser is how the optical output power P depends on the electrical current |
driving the deviceThe optical output power is very small for currents below the thigésho
current, whichtypically ranges from @mA to 1mA.The output power rapidly increases
above the threshold current. The growth is linear at low currents, but it saturates at some
point and begins to decrease with increased current. This happens due to thermal effects,
since the increased curtezontributes to increased heating inside the device. Knowledge

of the relation of the optical output power and voltage across the device as a function of



the bias current gives also insight into
P/(IV) , where P is the optical output power, | is the current and V is the voltage across the
laser. The higher the efficiency the better, since less energy is wasted as heat. The high
speed VCSELs used for data communications are usually low power devices, with

maximum output powers rarelgaching ovelOmW until recently 18].

2.1.3 Spectral Characteristics

VCSELs available today have a single longitudinal mode saingle tomultiple
transverse modeés each transverse motlas a stjhtly differentwavelength, the result
is abroad spectrum of the lasgependent on the amount of lasing mode grotipsnake
matters more complicated, the number of lasing modaschangeavith the bias current,
with more modegpossibleat higher biasurrents. It alsavorth noting is that the laser
spectrum is much broader than the bandwidth of the modulating signax&mple, a
spectral width of 1nm at 88@n correspondsta bandwidth of 41GHz, which is much
higher than the typical modulation bandwidth. Thereftine, spectral efficiency of the
modulation becomes irrelevant, since effects related to e.g. chromatic dispersion will be
dominated by the spectral width of the laser itself. It was shown that VCSELs with fewer
transverse modes and narrower spectral wickinsenable longer transmission distances in
MMF [19, 20, 2]. Standards dealing with shearange optical communications have
recommendations on the root mean square (RMS) spectral width of the lasers used in the
transmitters. Foexample, Ethernet spe@i 0.6im as tle maximum spectral width for
10Gbps lanes [22Sec. 6]. It is possible, however to make single mode VCSELSs, with very
narrow spectral widthswhich will be investigated in Chapter. @ransmitters with

narrower spectral widths, such a singleda VCSELs, can yield higher bandwidth
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distance products. Single mode VCSELs can be made for example by using smaller oxide
aperures e.g. as the ones used in [18), &r increasing the loss for higher order modes
[21]. The resultis a laser with narrowsgectral width. This improves propagation in MMF

and helps reach longer distances at high bit rates, while still retaining the ease of

connectorization omultimode fiber

2.1.4 Frequency Response

The frequency response of a VCSEL is one of the key paeasnieom the point of
view of the system design. In general, the frequency response of a semiconductor laser is
flat at low frequencies, possibly with a peak at the resonance frequendpgeanthas a
fast rolloff [11]. The frequency response dependsonly on the laser design, but also on
the bias current. The larger the bias current, the higher the resonance frequency. This
relationship holds until thermal saturation effects take over in effect limiting the maximum
bandwidth. The presence of a stgoresonance peak also has a significant effect on data
transmission, as it causes an overshoot on symbol transitions, and this can be detrimental

for multilevel data transmission.

2.1.5 Laser Noise

Relative intensity noise (RIN) is caused by shot noisktla® spontaneous emission
coupled into lasing modes. This causes unwanted fluctuations of the optical power, thereby
generating a noise current in the optical receiver circuit, which translates to an optical
power penalty in the data link. RIN is measuweéth respect ta finite bandwidth optical
system, and is thus quoted in terms of dB/Hz. Another source of optical power noise is the

feedback of stray optical reflections into the laser. This is an unavoidable effect common
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to all laser systems, and pmengineering of the optical assembly is required to minimize
its effecs. The optical power in a muitiode VCSEL is partitioned between several lasing
modes, so modal noise can occur when one of the modes is indirectly discriminated.
Polarizationselectve elements, such as beam splitters and some couplers,acproasce

this kind of noise [2B To minimize such effects as many VCSEL lasing modes as possible

should be coupled into the fiber in order to prewdfierential mode attenuation

2.1.6 Mathamatical Model

If we were to summarize the VCSEL behavior mathematically, the multimode

spatiotemporal rate equations {34] for modeling a VCSEL can be listed as:

»h

¢
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where N(r,t), $(t), and j(r,t) are the carrier, photon, and injection current density in the
active region of the VCSEL, resgtively. The subscript ij denotes the IJ transverse mode.

r and t denote the polar coordinates and timgr,G is the modal gairThe carrier rate
eqguation terms can be described as the injection current, depletion due to recombination,
carrier diffuson into the device, and depletion due to stimulated emission in the ijth mode,
from left to right. The photon rate equation can be described as the spontaneous emission
due to carrier recombination, photons created due to stimulated emission in thediggh mo
and the photon lifetime in the cavityn(® and Fs(t) are the noise caused by spontaneous
emission. Based on the egoatset, a time domain model coudd developed which takes

mode competition, carrier diffusion losses, and RIN into consideratiowever, if we
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consider a communication link and just not the VCSEL, we need to transform the photons
into an electric field to calculate all effects in the communication link. Therefore, we need

to solve the rate equations in the form of:

00 WYA@DQ O %o (2.2)

A laser diode oscillator has a finite linewidth due to phase fluctuation of the electric

field cause by spontaneous emissidhe phase fluctuation can be characterize@4s |

QUG GO O (2.3)

w h e riga lidkwidth enhancement factay(t) is the phase of the output signal of the

VCSEL, anddo T ® Uis defined as differential gain

The wavelength of each transverse mode is differ@ntq simple model of an
oxide confined VCSEL could be a cidarly symmetric stejindex optical waveguide.
Under the boundary conditions for a circularly symmetric-gtepx optical waveguide

with aradial core, the eigenvalue equati@2][for the wave equation is as follows:

T — (2.4)

Wher e u remesaht the normalized frequencies in core and in the cladding
respectively, and J represents the Bessel function of the first kind and K represents the
Hankel function of the first kind. For a given mode, the normalfzede quenci es u

are represented as:

6 1 :&Q 1 i & (2.5)
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1 i1 &0 M e o ¢ (2.6)

Where i represents the azimuth mode index and j is the radius mode ifidaxand R,
are the core index, the cladding index, and the effective mode index of mode 1J. k is the
wave vector of centr al wavelength in a va

VCSEL cavity.

The wavelengtlof each transverse mode can be predicted Bymple effective

index model 83:

<
=x
<

2.7)

w h e rigthessentral wavelengthie | is the difference between the core indeamd

the effective mode indexinY_is the wavelength shift with respectag

Instead of solving for&¢ | the phase parameter of the step index optical
waveguide, B, can be used to calculdte [ . The phase parameter B of each 1J mode

can be described as:

6 i (2.8)

In a weakly guided steindex waveguideg € ¢¢ and¥t T Therefore,

Y¢  can be represented as:

Ye v —p O Y v & & p 0 (2.9)
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Substituting 2.9) into (2.7), the wavelength shift_ , r e | a is bbtaimedby o

y _——p & (2.10)

_ _ _——p 6 (2.11)

With these equations the VCSBUuUtput can be written as an electric field. First, the mode
power, Sj, can be calculated by the rate equations. Second, the phase of each transverse
mode %o can be calculated by equatioB.3). Third, the center wavelength of each
transverse mode can be calculated by equatidhX1). The output of the optical signal

in terms of E(t) is then:

00 B YA@DPQ 0 % (2.12)

wher e t he mojd g, dd cigthe speed pf light. Note that the electric field

of eachmode E(t) is captured as well.
2.2 Multimode Fiber

Multimode Fiber (MMF)is the most popular type of optical fiber in sh@hge
optical interconnectsThe main advantage of the MMF is a large core area, which relaxes
alignment tolerances in coupling, makaanching light from the transmitter easiand
reduced costs in the 2000Ehis was very important ifirst systems using LED sources.
The disadvantages of MMF, compared to siggle mode fiber§MF) are higher cost per

meter and intermodal dispersiofhe higher cost per meter is offset by the fact that in a
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data center with a large number of short links the connectorization is a biggdriciogs
factor. The intermodal dispersion causes pulse broadening at the end of the fiber and

reduces the banduth-distance product.
2.2.1 Multimode Propagation

The typical MMF core diameter is between 50 um and 62.5 um. For comparison, a
typical SMF has a core diameter of 9 um. The light guiding mechanism in an MMF is the
same as any other dielectric waveguidepee of refractive indexons surrounded by a
cladding with a refractive indexix np. Due to total internal reflection, the propagating
light is trapped inside the core, as long as the incidence angle at tietaciolieg interface
is smaller than theritical angle (defined with respect to the fiber axis). This simple
description does not, however cover the entire picture. The field of the propagating wave
has to repeat itself as it reflects at the interface. The fields that satisfy this condition are
called modes of the waveguide [3@h. 7. The fields of the modes maintain the same
transverse distribution and polarization along the waveguide. From a mathematical point
of view, modes are a solution to the electromagnetic wave equation in the wayagdide
in this case, an MMF. The wave equation for weakly guiding dielectric waveguide, where

¢ & L pcanbe simplifed to a scalar wave equation [Eh. 14],

n Q¢ 1 1 Oih— T (2.13)

whereO gives the transversal electric field profilefided in the cylindrical coordinate
system normal to thei §i bke wavengmben, b
constant and n(r) gives the refractive index profile, which is assumed to be axially

symmetric around the fiber axis. The sabas to this equation are the linearly polarized
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modes, commonly denoted as;jLmodes, with subscript indexing for the radial and
azimuthal orders of the mode, respectivaliie LR is the fundamental mode, and in
SMFs it is the only mode of the fiber. The number of modes in a fiber can ldatadc

using the V parameter [3€h. 8],

W - & & (2.14)

where & is the wavelength of thelcae damegeht pr o

For fibers with large V the number of modes can be approximated as
0 —w (2.15)

given in [57, Ch. 8]. For fiber with a core diameter in the range between 50 pm and 62.5
um, with a core refractive index of 1.5, and 1% indextrast between the core and the
cladding, the number of supported modes is between 600 and 900. An arbitrary transverse
electric field in a dielectric waveguide can be written as a superposition of guided modes

paossible for a given waveguide [3€h. 7]
Oahud By®0p05 6o Qo Ra (2.16)

where for each mode ij;;ds the mode amplitud®, ; ¢fto is the mode distribution and

bi; is the propagation constant of each mode. The propagation constant is different for each

mode, and since the group velocityivs dependent on the propaga

— (2.17)

hh
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where ¥ is t he hagrogpvelaity offeactengodesld e differentThis
translates to a differential mode delagtween modes [36and in effect causes the modal
dispersion. Different launch conditions can excite different groups of modes, giving rise to
unpredictable performance of the MMFs, particularly when older types of fiber designed
for overfilled launch (k. exciting all modes) with LEDs atesed with laser transmitters
[37]. However it has been demonstrated that under special coupling conditions the
propagation reach in MMFan be dramatically increased [3& would seem, that given

the amount of modeshe modal dispersion will be too large to achieve any reasonable
transmission distance in MMF. There are however mode groups with identical or similar
group velocities, and they can be grouped together in principal mode groups. Mgdes LP

belong to theame principal mode group rhthey fulfill the condition [39

G ¢cQ Qop (2.18)

The number of modes in a group increases with the group number m, with thedosezst
group contaiing on the fundamental mode [4&ince the modes in a mode group have
similar properties, they can be treated in terms of mode groups, thtreindividual

modes [4].
2.2.2 Graded Index Fiber

Given that there are many mode groups in an MMF, each with different group
velocity, it is important to design the fiber in such a wimat it minimizes the spread in
propagation between different modes. This is achieved when the refractive index is highest

at the fiber axis and gradually aeases towards the cladding JJ4 is common for the
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cores of gradethdex fibers to flow power-law index profile(alpha profile)[41] given

by [34, Ch. 8].

€ 1 € p ¢- — hi ® (2.19)

where n is the refractive index at the fiber axig,and p is the profile exponent. For an
optimized value of the profile exponent, the differential mode d€@yt) can be nearly
eliminated [39. The optimal profile exponent is dependent on fiber material and the
wavelength of light which is supposed te bhsed. Note that the index profile can be
optimized at only one wavelength. Apart from intermodal dispersion there is also chromatic
dispersion. Multimode VCSELs have sufficiently broad spectrtomsuffer from this
problem [43. Singlemode VCSELSs operiig at 850 nm and with sufficient output pawe

and low manufacturing cost [fi4ould help to avoid it. The launch conditions are also
important, as the number of excited modes and power distribution between the modes is

going to influence the impulse respe of the fiber.

2.2.3 Index Perturbations

Fiber manufacturers try to achieve the pure alpha primfilelimination of DMD
butprocess limitations re#iin small deviations. Theet of perturbations, comprising :08
fibers, was first created by reseagch atthe University of Cambridge [45and further
modified bythe IEEE 802.3ag&thernetask force [4& The amost quadratic shape in Fig.
2.2 corresponds to the pure alpha profile with a nominal valué €f97. Sometimes the
U of the profile can varyacross the fiber crossection. The 108 fiber model divides the

core region into two halves, each of which can independentlyha¥e9, 1.97, 2.05. In
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Fig. 2.2:Refractive index change in the fiber core
addition to the nominallgmoothUprofile at the center, dips and peaks are also observed

in practice. The transition at the core and cladding interface can be abrupt or exponentially
smooth. The final defect considered in the-1i08r set is the kink which is effectively a
perturbationm the gradient of the refractive index profile. The model considers both kink

free profiles and kinks at different locations. The model arrives at a total of 108 index
profiles by considering all possible combinations of these perturbations. The pararheters
these index peurbations are specified in [H6Another widely prevalent fiber modsl the

Monte Carlo fiber set [47 which consists of approximately 5000 fibers whose modal
delays are determined by empirically matching randomly generated dektgsistics of
measured fiber parameters such as bandwidth and delay spread. The data about these

measured fibers was provided by the top three fiber manufacturers in the world.

The 108fiber set is considered to represent the worsob#e installed fiber base
[45] whereas the Monte Carlo model is supposed to be representative of the entire installed
base. The validity of both claims was highly debated in the IEEE 802.3aq task force

discussions. Although the 10®er set was initidy used by the task force, the final power
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budgets and the receiver test impulse responses determined by the IEEE are based on the
Monte Carlo fiber set. This is partly because the Monte Carlo set is indirectly based on

fiber measurement data.
2.2.4 Modal Delays

Though the pure alpha profile minimizes the delay spread, actual fibers with these
nonrideal refractive index profiles exhibit considerable delay spread in practice. BiGure
illustrates this effedby showing the modal delays for the pure alpha profile, the center dip
profile the center peak profile and finally a fiber with a kink in its refractive index profile.

These perturbations have been chosen from thdid@8model.
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Fig. 2.3:Mode delay by fiber mode group

Although one cannot prext how the modal delays for a particular profile will
behave without detailed simulations, the general trends can sometimes be estimated. For
example, the center dip profile implies that the mode groups propagating closer to the axis,
the lowerorder modegroups (LOMSs), travel faster than the mode groups away from the
axis, the higheorder mode groups (HOMs). Therefore, the modal delays should increase

with mode group in geeral, as verified by Figure 2.3

2.2.5 ModalChromatic Dispersion InteractioMCDI)
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To expand on this idedye effects of mode spectral bias (MSB) on the transmitted
signal can benathematicallynodeled assuming that the VCSEL normalized spectrum can

be represented by
(2.20)

whereith denotes the VCSEmo de or der , M the totathe numbe .
wavelength of each mode,0 U0QDwtohrepregentstiec d el |
normalized long term averaged power of ttle VCSEL mode withO ® 0 the time

average function,i@d) is the instantaneous power of each mode, ana hormalization

factor that takes into consideration the duty cycle of the signal and the extinction ratio of

the laser. For a modulated VCSEL that couples light into an MMF, the received signal after

electronicconversion can be expressed as
w6 0 B 0000 &0 (2.21)

where RBwua is the optical modulation amplitude (OMA) transmitted power, n(t) is the
additive Gaussian white noise (AWGN) in the receiver, afijlis the waveform for each

mode after coupling to the fiber given by

"06 B 6 Qo 0OYo (2.22)

wheregth is the MMF group mode numberg ¥ the number of mode groups in the MMF,
Cig is the coupling matrix where each of its elements represent the coupling strength of the
ith VCSEL mode to thgth MMF mode group,ift) is the waveform before coupling to the

MMF fiber for a given bit sequence, L is the link length, and the term given by
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Yo o0 © (2.23)

iI's the | ength normalized temponwhere_del ay of
HOis the chromatic dispersion parameter. The tgmeprresents the differential mode
delays (DMD) of the multimode fiber with any arbitrary index prodifel unit lengthFor

an alphaprofile MMF, t; can be approximated by [}8

o y o— E (2.24)

where N is thegroup refractive indexY ——IFE is the refractive index on the axis of

the fiber, c is the speed of light is the refractive index in the cladding,is the numbe

of modes inside the mode gro(G) g, vr is the total number of modes, and

_ ¢ —s (2.25)

i's the optimum al pha value that minimize gt
previous equation minimizegst o t he f i r 4. iNoteotmada# tempbral detays|[ 4 8

used here are relative values and the more negative the value the shorter the travelling time.

The main parameters that account for the MCDI effect in VGBBAF channels,
are the coupling termsi{; the chromatic dispersion, and the magnitude and sign of the

mode del ays e xtermelbesceupling tearm quénefiesdiie degree of MSB

Table 2.1 Mode spectral bias and chromatic dispersion effects.

Mode Spectra Effect

MMF Mode Order MMF Mode Spectra i
on Velocity

Shorter wavelengths o
the VCSEL spectra
Longer wavelengths of
the VCSEL spectra

Higher Order Modes (HOMS) Reduce velocity

Lower Order Modes (LOMSs) Increase velocity
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in the MMF. Due to MSB and chromatic dispemijochanges in the speed of the mode
groups are poduced as summasd in Table 2.1 Changes in MMF mode delays can
produce advantageous or detrimental effects in the channel bandwidth. In order to explain
the bandwidth changes, it is required to classify the fibers based on the speed of their modes
relative to its mode ater. In [49 the MMFs are classified as: Lefted DMD MMF (L-

MMF) and righttited DMD MMF (R-MMF). This classification is independent of their

modal bandwidth.

In L-MMF high-order modes (HOMSs) tend to travel faster than-toder modes
(LOMs). Conversly in RRMMF LOM s tend to travel faster than HOMs. This characteristic
can be better illustrated by usingl&profilie MMFs [48. For example, EIMMFs have
alpha parameter values slightly lower than the optimum alpha value computed. Utilizing
this lower apha value produces negative delays that increase their magnitude as the mode
group index increases. Therefore, in this theoretie®NIF all the HOMs travel faster
than the LOMs. Conversely, forRMF alpha profile fiber the alpha parameter is slightly
higher than the optimum alpha value (6) producing larger positive delays as the MG index

increases. In the-RIMF all HOMs travel slower than LOMSs.

The result of deploying these two fiber types in channels where VCSEL coupling
results in an MSB, is that-MMF tends to minimize channel dispersion since the MSB
causes a reduction in velocity of the faster HOMs and an increase the velocity of the slower
LOMs. The overall effect for a-MMF is a reduction of the combined modddromatic
dispersion. Conversely, iR-MMF the combined modathromatic dispersion increases.
Experimental evidence of the reduction of mectalomatic dispersion has been shown

indirectly based on bitreor rate (BER) measurements [48h the vast majority of the
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tested VCSEEMMF channelsthe links using EMMF outperform the channel links using
R-MMF of equal modal bandwidth [49], [fAt should be noted that MSB effect depends
on the optics utilized to couple the light from the VCSEL to the MMF. Modeling using

refractive optics elementfiews predominareffects of MSB as shown in [#9

2.2.6 Impulse and Frequency Response

When the power distribution over the different modes and propagation delays of
each mode are known, the impulse response of the fiber can be estimateéralftibe
of power in each of the LyAmodes is denoted;jCthe impulse response of an MMF of

length L can be expressed as

0o B 61 0 — (2.26)

The frequency response can be readily obtained from the impulse response witiea Fo
transform. The frequency response of the fiber is dependent on the source type and launch
conditions into the fiber. For example LEDs usually excite all modes in the fiber and
consequently for LED transmitters an o¥iled launch (OFL) condition isised. The fiber
bandwidth under OFL condition is usually given for fibers foreseen for use with LEDs. For
fibers optimized for use with VCSELSs the effectivednl bandwith (EMB) is given [51,

52]. The EMB is calculated using (2.2B8om the DMD which is reasured by selectively
exciting different mode groups. To measure the DMD a single mode fiber is used to launch
short pulses at different radial offsets from the center. Usually, the entire range from the
fiber axis to the cladding is scanned. The freqgyeresponse of the fiber cabe

conveniently measured layvector network analyzer (VNA) using the same setupras
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Table 2.2Comparison of OM3, OM4, and OMS5 fiber with starglaed distances ant
*expected distances

OomM3 OomM4 OM5
Core Sizeim) 50 50 50(30)
Modal Bandwidth (EMBc GH&m) | >2@850nm | >4.7@850nm | o Z%%ggxr
40GDbE (distance) 100m 150m 150m
100GbE (distance) 70m 100m 100m
40G-SWDM (distance) N/A *350m *440m
100G-SWDM (distance) N/A *100m *150m

VCSEL frequency response measuremést an example thigequency responsmuld be
measured for &nk including with a VCSEL and OMMMF, with various lengths of the
fiber, Table 2.2same as Table 1.1IJhe OM fiber has a bandwititdistance product of
4700 MHzkm, defined for laser launch, at the wavelength of 850 nm. At this wavelength
the optimized index profile guarantees very low DMD, and a narrow spectral width reduces
the effects of chromatic dispersids0]. This was shown to workiipractice, transmission
over km of OM4 MMF with a single mode VCSEL wdsmonstrated in [19,02. On the
other hand, long term reliability (i.e. lifetime) of single mode VALS is yet to be
established [44, 33 In most dataenters, OM3 and OM4 fiber dominate optical
interconnects, however, it is expected that OM5 will replace OM4 in newly built data
centers.Table 2.2 shows some of the basic differences betw@df3, OM4 and OM5

based MMF links.

2.3 Signal Detection and Noise

2.3 1 Signal Detection
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An optical receiver converts the incident optical power Pin into an electric current.
The most common device performing this task isianphotodetector. The output current
is directly proportional to the incident optical powtsg relationship is given by | =4Rn,
where the Ris the responsivity of the photodioded R, is the square of the electric field
The phase information is lost in a direct detection sysieme. photodiode is usually
followed by an electrical amplifrewhich then is followed by a decision circuit or a more
sophisticated demodulator. Two types of amglificonfigurations are possibleg
transimpedance amplifier (TIA) and a voltage amplifier. A TIA has ideally zero input
impedance, the input signal isarrent and ta output signal is voltage [5€h. 14]. The
other type is a voltage amplifier, which has voltage input and voltage output. Since a
photodiode can beegarded as a current source,[&h. 14], a TIA is a better amplifier
choice. The outputfahe photodiode contains also undesired noise. The performance of

the system depends on thignatto-noise ratio NR), which is defined as follows

YO Y — (2.27)

o

wheredand 0 are respectively, the average ph
current. It is important to note that the SNR is defined in the electrical domain and the noise

is measured in the electrical domain after the detection of the optical sigral.
performance of a system is given by the receiver sensitivity, which is the amount of optical
power needed to operate below a specific bit error rate (BER). In direct detection systems,

the electrical power is proportional to the square of the oppoater (square law

detection).

2.3.2 Fiber Independent Noise Penalties
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There arehreenoise sources which are relevant in multimodensity modulation

direct detectior{IM/DD) systems that are independent of fiber:
1. Shot Noise

2. Thermal Noise

3. Reldive Intensity Noise (RIN)

The shot noise originates from the quantum nature of light and current. Even if constant
optical power is incident on the photodiode, the photon absorption and electeon
generation processes happen at random time intefassgives rise to a random variation

of the signal current. The variance of the shot noise is

" ch 0 (2.28)

where q, |, and ea&f are respect,andthérgceitehe el €
bandwidth [55 Sec. 5.1.1]. It is appant, that the variance of the shot noise increases with

the photocurrent (and thus with the average optical power).

The thermal noise comes from the fact that at any temperature above the absolute
zero the electrons are moving inside the conductor anti¢heal motion of the electrons

manifests itself as current noise. The variance of the thermal noise is given by

) QWY (2.29)
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where kB, T, and Rare respectively, the Boltzmann constant, the temperature, the noise
figure of theamplifier following the photode and the load resistance [$%ec. 5.1.2].

This noise contribution is not dependent on the signal power.

The RIN originates in the laser. The carrier generation and recombination process
in a semiconductor laser is randamits nature and gives rise to noise. The RIN spectrum
IS not white, it peaks at resonance frequenayd gor multtmode laserslso at low
frequencies due to mode competition [56 he noise variance of the RIN after the

photodetector is
; Y OYQ (2.30)

where Sin is the RIN valie (often expressed in dB/Hz [55ec. 5.4.2]). It is worth noting,
that the variance of the RIN is also dependent on the signal power, just as the shot noise,

but in this case, the noise variancerisportional to the square of the photocurrent.

It is important to realize how much noise there is present and which noise sources
dominate, as this determines the performance of the link and potentially also design of the

modulation. The following parameters illustrate well the system used in tharegpes

[

thermal noise

s RN 5 10

Fig. 2.4:Effects of different types of noise
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presented in this work, R = 0.4A/W, T =298K, R 50qSsma=:ndi 155 dB/ Hz.
illustrate the relationship between the three noise contributions for the given parameters,

they are plotted against receilveptical power Rin Fig. 2.4

The RIN aml shot noise are stronger than the thermal noise only foveecpower
levels greater thandBm. On the other hand, the photodetectors used in our experiments
have sattation power levels at aroundBm received optical power, so it is apparent that

thesystem is always dominated by the thermal noise.

2.3.3 Fiber Dependent Noise Penalties

There is one noise source which is relevant in multimode IM/DD systems that are

dependent of fiber:

Mode Partition Noise (MPN)

The MPN in VCSEEMMF channels is caused Hyoth the power fluctuation
among VCSEL modes and the temporal separation of the VCSEL modes after propagating
through the dispersive fiber. MPN is not typically the main limitation in VGSEILF
channels for reaches specified in IEEE 802.3 and Fiber Chatamelards. However, as
data rates increase, MPN can become a critical impairment to overcome for increasing or
even maintaining reaches easily achieved at lower data rates. One reason for this is that
MPN is dependent on optical power. Therefore, wherNNbBcomes the dominant noise
penalty in a channel, its effect on the sigimahoise ratio (SNR) degradation cannot be
mitigated by simply increasing the transmitted power. Mode partition noise has been

studied for singlenode fiber (SMF) channels using ltlongitudinal mode lasers [57

3C



59. Simple analytic expressions have been derived to describe the dependence of MPN on
the temporal separation of the laser modes due to chiodispersion and link length [59

These models also illustrate the condisidor whichbit error rate (BER)oise floors
develop as a result of MPN. Although these SMF expressions are useful and have been
adopted by standards organizations to determine VA8HME worstcase penalties, their

derivation requires several assumptitmet are not accurate for VCSHEIMF channels.

A more general model, bed upon [57], [60], [6]1 is shown here to accommodate
for modal dispersion and the moddromatic dispersion interaction. The noise
dependency on transmitted power can be derived (2o2d) whend 0 is replaced by its

long term average value,, as follows:

w6 O B 0006 &0 0 -0 (2.31)

whered v Q, and d(t) represents the(Se®MA de|]
section 2.2.5)The OMA dependent noise term can have several components in VCSEL

MMF channels including MPN, relative intensity noise (RIN), modal noise (MN), and jitter
intensity noise among others. Assuming MPN is predominant its normalizedoeaciam

be obtained using,
, O B 0006 B 000 (2.32)
where represents thensembleverage $0].

A simpler expression that does not require previous knowledge of the MPN
statistics can be obtained from (2)3&ing themethod describenh [57-59]. This method

which can estimate the MPN standard deviation (STDV) for a simple alternating pattern in

31



SMF, has been extended to account for any arbitraitenm transmitted using MMF [60],
[61]. A general expression for MPN les on the Ogawanodel [6] that accounts for

modal chromatic interaction is given by

, 0 Q B 008 B 000 (2.33)

wherekwven is the mode partition noise coefficient that indicates the magnitude of the noise
and relate the degree of correlation among the VCSEL modes. Several assumptions are

required to obtain this, such as:
1) The temporal variations aft) areslow compared with the bit rate.
2) The total power of all the modes at any instant, t, is con&ant®d 6 @& &i 6 V& O

3) The correlation of the power fluctuation among modes is givem by 0 p

~

Q wowo

4) The power fluctuation standard deviation can be estimated flond, @ 0

~
v

Q WO wo
5) Theturn-on delays of laser modes are small compared with the bit period.

6) kmpnis identical for all the VCSEL modes and it does not change among transmitted

pulses.
7) There is linear power response of the fiber for each VCSEL mode.

8) The power in eactransverse mode is caused by stimulated emission.
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This model has been used to estimate the MPN at different temporal positiens i
transmitted bit sequence [B9The model predicts the MPN magnitude for different
transmitted patterns as a function of l#mgspectral width of the laser, andpk The
accuracy of this model depends on the assumptions shown above. The model predicts that
Umpnis highly dependent on t where an arbitrary data sequence is transmitted. The modeled

VCSEL has a Gaussian spectrumiwspectral width of 0.3 nm, anchj = 0.3.

Also, it should be noted that (2)32lready includes the MCDI effect due to
selective coupling between VCSEL transverse modes to MMF modes. The MCDI is
accommodated in;jkvhich depends onig thecoupling matrix from each VCSEL mode
to the each MMF. When a VCSEL is modulated, the power transmitted by each mode set
(MS) varies. The power variation has deterministic and random components. By
retransmitting a defined bit pattern and observing thectitesignal after propagating
through the MMF, it is possible to separate the deterministic and random fluctuations in

the transmitted power.

Forexamplesupposea specific patter was transmitted using a VCSElto a short
(5 m) section of high modal bdwidth (~4700 MHzkm) 50um core diameter MMF. Five
hundred waveforms wetbencaptured using a sampling oscilloscope and their ensemble

average waveform was computed. Refetttotal signal label in Fig. 2 lack trace).
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Fig. 2.5:Pattern in signal and each individual mode
The signal for each mode set (M&3s also capted using an optical filteiThe ensemble

average signal for each MS is shown in gray colored traces. For this VCSEL most of the
power is transmitted by MS2 and38. The MS signal amplitude was corrected to

compensate for the insertion loss through the optical filter.

Further operation on (2.33when it is assumed a laser with a continuous spectrum
and a single mode fiber channel, provides a simple analytica®sipn that estintes the

level of MPN variance [5]7
» = P Q (2.34)

w h e r.és thé spectral width of the Gaussian optical source. This expression, which
utilizes few par ame toekhprsandd fhastbéeasedcbir stamdarel | suc

organizations as a worst case estimator of MPN for SMF and MMF channels.
2.4 Fiber Optic Communication

24.1 Communication Channel Model
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The physical description of the shoainge communication system is interesting,
but it is useful topresent a simplified mathematical model, which can be used for
modulation format design. Such a model, presented al€t?jni$ illustrated in Fig2.6.

The modulator maps the symbols u(k), at an instant k to a waveform x(t). The received

signal is y(t)and can be written as:

GO o £0 (2.35)

where n(t) is the added noise. The demodulator uses y(t) to provide an estimate of u(k),

which is denoted Eu(k).

There is a nomegativity constraint on the signal x(t), since it is used to modulate the

LW Pep— >3 Y 3> DEMODULATOR |

T

n(t)

u(k)

Fig. 2.6:Block diagram of a simplified channel

directly modulated laser. The laser operates orlysfforward biased, and thus the driving

signal must be nenegative.

From 2.3.2, it follows that the main noise source is the thermal noise. This type of
noise can be charartized statistically as AWGN [63Sec. 1.3] and therefore the
considered systn can be treated as an AWGN channel with-megativity constraint. It
should be noted that there is no amyativity constraint on y(t). This channel model has

been analyzed in detail in the comnications literature, e.g. [64,]65
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24.2 Modulation

As the baudrate of shorrange optical connections increase, they become
increasingly limited by the component bandwidth and modal dispersion in the MMF which
limits the usable distances. In this case, the industry has turned to parallel interconnects,
suchas those defined in the IEEB&3standard, in which 40Gbps and Glips links &
created by aggregation of GBpsand 25Gbpdinks. In effect, each link uses eight or
twenty fibers in parallel, since a pair of fibers is needed tfalireictional communition.

This has an advantage of keeping the transmission distances reasonably long, but it has the
disadvantage of increasing the physical size of the interconnects. New designs reducing the
size of the intezonnects are being developed [66]. 84ultilevel modulation formats can

be used to increase the bit rate in each of the parallel lines, multiplying the achievable
throughput. The increased spectral efficiency would primarily enable squeezing more data
into the limited electrical bandwidth, without ieasing the number of lasedgtectors,

and drivers There arghowever some constraints to consider the typical link power
budgets and walblug power consumption are limited. This means, that a modulation
format with high spectral efficiency, good sdiviiy and low complexity is needed. It is

very hard to optimize all the three conditions at the same time, especially in an IM/DD
system, where the available signal space is limited by thenegativity constraint. The
problem becomes easier if restrott® two parameters at a time, for example spectral
efficiency and complexity, or spectral efficiency and sensitivity. If implementation in the
short term is considered, it is important to keep the modulation fosinaide to desigmat
highbaudrates gi ven the constraints ofoconseray 6 s

beyond short term constraints and investigate whatavogla good modulation format to
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l.e. maximize the sensitivity, without keeping strict hardware constraints. While
apdication of digital signal processing (DSP) at high speed is difficult and implies high
power consumpt ilawrstll applidsang new possititiesdmsght emerge in

the future. Analog electronic equalization was discussed for-slayeapplications using

both OOK [6§ and was shown practically in [R9multilevel modulaton formats were
discussed in [70, Tland éectronic equalization is already used in active evpgable

[72]. In the last examplehe electronic equalization reduces thguieements for quality

of the copper cabling, increases the transmission distance and reduces the cost. Once the
complexity constraints on the electronic processing areethinto a background plane,

we can consider optimization of more advanced modulafammats for improved
sensitivity in IMDD systems. In this work 2w modulation formats areovered;simple
modulation formats such @AM, interesing for highspeed applications, and partial
response duobinaryrhese will be discussed separatéipudhout the thesiOther signal
spaces based on different basis functians possible as long as the nemegativity
constraint is fulfilled. An example of such a modulation format is pulse position
modulation, which is commonly used in weass infrared cmmunications [6pb This type

of modulation is very power efficient, but has rather poor spectral efficiency, so prospects

of use in links based on MMF are weak.

24.3 Pulse Amplitude Modulation

Pulse amplitude modulation is the simplest modulation fornpgliGable for
IM/DD systems, such as shagnge optical communications. In fact, O@sometimes

called NRZ)is a special case of PAM, with 2 modulation levels, each representing one bit.
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Fig. 2.7:Comparison of different PAM constellations and their eye
diagrams; (a) OOK, (b) PAM, (c) PAMS8

There is only one basis function in PAM, in the simplest casejitsisa rectangular

(unshapedpulse,
B o =i QOSFY (2.36)

where T denotes symbol time duration. For atheiel PAM the symbol waveforms may

be represented as
i 0 %o O (2.37)

where 1 < m < M. Note that this describes the optical intensitijigp of the pulse, rather
that the electrical field amplitude. The Rpbagativity constraint means also that negative
values of s are not allowed and therefore allAalues must be positive. An illustration

of constellation diagrams for OORAM-4, and PAM8 areshown in Fig2.7. Since there

is only one basis function, tr@nstellation diagram can be presented on one axis. For
comparison, constellation diagrams of conventional PAM in systems without non
negativity camstraint are included in Fig. 2.1t is also easy to illustrate the PAM

modulation in the time domain. Exgles of experimental OOK, PAM and PAMS eye
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diagrams are illustrated in Fig. 2.Eye diagrams are simple and useful tools for getting a
quick overview of signal quality and impairments in the system. Both SNR and timing jitter
can be observed from eyeadrams. Lower SNR is manifested by broadened signal levels,
and timing jitter is manifested by the widened eye crossings. It is also obvious from the
eye diagrams that the more modulation levels there are, the higher is the required SNR to

achieve errofree data transmission.

24.4 Theoretical BER Calculation

As the number of modulation levels is increased, the spectral efficiency increases.
If the bit rate iskept fixed, the bandwidth of NMevel PAM is reduced by a factor of log
(M), compared to OOK [7]3 Alternatively, the symbol rate and bandwidth can be kept
fixed and the bit ratencreased. In either case, PAM will require more optical power at
the receiver to reach the same B&FOOK. It is useful to have an analytical expression
for the expectedystem BER, as a function of the received optical power. Knowledge of
the theoretically expected performance enables not only comparison with other modulation
formats, but also proper evaluation of the experimental results and implementation

penalties. Ithe SNR is high and the noise is Gaussian, the BER can be approximated as

60y Qi "Qeo—— (2.38)

where hyi S t he average photocurr glistthe avérages t he
Hamming distance between the labels of adjacent symbols. If Gray labeling isaged, d

1. If natural labeling is used it is given:by

Q ¢ — (2.39)
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In the cas when the bit rate is fixed and the modulation order is increasedtited ppwer

penalty for using Mevel PAM, compared to OOK, expressed in dB is

0 pil C—— (2.40)

where M is thenumber of modulation levels [F3If the symbol rate i$ixed, the optical

powe penalty compared to OOK is [[f4

0 pwiI Q@ p (2.41)

There is a tradeff between power efficiency and bandwidth efficiendgwever
if high speed components such as integrated photoreceivers are not available, then the
penalty for use of photodetectors with voltage amplifiers, rather than transimpedance
amplifiers outweighs the power penalty due to increased number of levels. Because of the
relaxed bandwidth requirements on components, multilevel PAM modulation can be usef
in extending the transmission distance. In fact, PAM was proposed also for increasing the
transmission distance in SMF [[78nd along with equalization for eleical backplane
connections [7p In shortrange applications PAM, in particular with 4 lévdas been
discussed in the ctaxt of polymer fiber links [76, 77 The possibilities of
implementation, advantages and drawbacks of PAM applications in MMF and VCSEL

based links were studied in [70, 78].79

One of the advantages of PAM is simplicity of implementation. CMOS circuits
operating at baud rates up to@gaudhave already been developd&i]| In a laboratory
environment PAM signal can be generated in real time from binary signsigarticularly

simple forPAM-4 which can be generated by combining two clock aligned decorrelated
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binary data streams. One of the streams must be half aiipitude of the other to get
PAM-4 at the output. Generation ¢tAM-4 signal with this method is difficult.
Conceptually, onlyone more binary signal source is required. In reality, the signal quality
generated with such a setup suffers from reflections in the power combiners. Precise signal
phase control and amplitude is also required. Almetter way to generateP&AM-4 or
possibly PAM-8 signal is to use a dedicated circuit, such as -t 8igital to analog

converter (DAC).

Experimental BER measurements can be also done in real time using a standard
error analyzer designed for OOK. The decision threshold Has set betweetine levels
of PAM-4 and the error analyzer has to be programmed with a binary pattern corresponding
to transitions of given PAM decision threshold. If the measured BER is low, it can be
assumed that only symbol errors between neighboring levels occ;. thieucalculation
of the resulting BER can be greatly simplifida calculatetie theoretical BER values for
PAM-M systems, consider the symbol error rate (SER) calculation. Assuming that all M

symbols are equiprobable, the SER can be calculated irgtirou
"YOY-B B ; 0 (2.42)

where Ris the probability of receiving symbol jnen symbol i was transmitted [6Gh.

4.2]. Assuming Gaussian noise, this probability is found as:

0 -Qi Qé“MT ~Qi Q@“T (2.43)

Here, | denotes the photocurrent at symbol i, andd the threshold current, whekgd=

T B, wwrd #ID. The remaining decision threshol
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symbols. The root mean square (RMS) value of thieencurrent at the symbol i level is

denoted U

The BER is dependent on the labeling of the symbols. The Gray labeling usually
provides the best performance [gliut sometimes in experiments it is easier to implement

natural labeling. In general, the BEEan be expressed as:

50Y-B B 0 (2.44)

where the glis the Hamming distance betweé&e fabels of symbols i and j [BAssuming
that the thermal noise is dominating, all symbol levels are equally spackitheadecision

thresholds are equidistant from adjacent symbols, the SER can be expressed as:
"YO'Y — Qi QéT (2.45)

wherebhgi S t he aver age photfordleisthecRMS8 noisecurrent.e nt a
For high signal to noise ratios (SNRs), it can be assumed that only errors between adjacent

symbols occur. In that case, the BER can be approximated as
00Y BQ —— (2.46)

The BER can beatculated from the SER values, in hi§NR regime for thenaturally

coded PAM4 signal [82:
60Y-YOY "YOY -7YOY (2.47)

And for the GrayabeledPAM-4 signal [82:
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 0Y -"YOY -YOY -YOY (2.48)

An alternative to this method would be to use a-tiea¢ sampling oscilloscope to
capture the received weform and calculate the BER biffe. Theerror analyer based
approach has the distinct advantage of enabling BER measurements doWs, tertioh
Is important for data communications applications. The lowest BER that can be reached
using offline processing in a reasonable time (less than 24 hours) is around’i@
ability to reach low BER is important because until recently FEC was not acceptgd in d
comnunication applications. On the other hand, lafe BER measurement would be
advantageous in case higlmder PAM, with 8 and more levels, since the manual

adaptation of the threshold for each measurement is time consuming.

24.5 Effects of RINon PAMM

It is clear how the BER depends on the received optical power, if the main noise
source is the thermal noise, which in generadV8GN. However, 1 is not always the
thermal noisethat dominates. The system pammance can be dominated BN
originating in the laser, which is dependent on the received optical power. In this case,
increasing the optical power into the receiver does not mean that a lower BER will be
reached because the increase received signal power will be accompanied by hggher noi

power.
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The effects of RIN can be evaluated analytically, by taking it into account in the
noise variance when calculating the BER. Examples & B&vedor PAM-4, also with
30 GHz noise bandwith, with RINinmange from 1 150d8B/He/arkz t o
included in Fig. 2.8It was assumed that the decision thresholds are equidistantte

adjacent symbol levels.

As the RIN levels are increased, the BER/es start showing progressively higher

error floors. Naturally, an increased number of levels reduces the RIN level that can be

tolerated.
24.6 Intersymbol Interference

Intersymbol interference (I1SI) occurs when one symbol interferes with subsequent

symbols. The sampled received signal values haeema [63, Ch. 9.2]

@ ‘0 B Ob U (2.49)

BER Vs Rx Power
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Fig. 2.8:Simulated BER curves of PAM with varying RIN and extinction
ratio of 4dB.
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where | denotes the transmitted symbolsdgxe not es t he r espokmsse of
the noise variable. The desired term, corresponding to the transmitted symbol is
represented by, the term x can be treated as a scaling factor. The second term on the
right hand side is the undesired interference. The effects of ISI on PAM signals can be
visualized using an eydiagram. An example simulatedAM-4 eye diagram after
transmission through a channel with Gaas impulse response with aBdbandwidth

three tinmes higher than #symbol rate is show in Fig. 2.Bor comparison, an eye diagram

of the same format, but in a channel with 3 dB bandwidth equal to 0.6 of the symbol rate

is shown inFig. 2.9 There are two kinds of penalties introduced by the ISI, ppeealty

and timing penalty. Power penalty is due to the vertical eye closing, and the timing penalty

is dueto the horizontal eye closing.

=

N Y

P

Amplitude
Amplitude

0
Time, [UI]

(a) :
Fig. 2.9:PAM-4 Eye diagrams with different channel bandwidths.

The power penalty due to the ISI is well understood for OOK systems. The basic ISI
penalty calculation mhbds, havéeen outlined in [83 The ISI power penalty, expressed

in dB, for any PAM formats is

0 p I C— (2.50)
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where k is the worst case eye closure. In case of OOK it is approximated as

0 i P8 CcADD p& Y— (2.51)

The bit period is deoted as T and the channel 10%0% risetime is denoted ascI This
ISI penalty calculation method, which is valid under assumption of a Gaussian channel
response and rectanguiaput pulse, was given in [§4it is used in the IEEE &03 link

budget speadsheet [85

Methods of calculation of the 100®00% risetime for a given system are described
in [84]. The ISI penail estimates can be extendedRAM-4. A PAM-4 eye diagrams

contains three OOK eye diagrams stacked on top of each other.

Assuming thathe channel response is Gaussian, it is easy to observe that for the
same system risigme and symbol rat the eye closure in caseRAM-4 is twice as large

as in thecase of OOK. In general, forRAM-M format the eye closure will be:

0O ; —p8 cADDp8 Y— (2.52)

In a simplistic view of a digital communication system if one wishes to increase the spectral
efficiency, the only solution is to increase the number of modulation levelsalityy it

may be easier and cheaper to increase the signaling rate beyond ttet &ttwandwidth

and accept the resulting ISI penalty or to use equalizers. From the point of view of
sensitivity, it is logical to switch to a higher order modulation fatrat the point when the

ISI penalties for a lower order format are larger than the penalty for using more levels. This

situation is illustrated in Fig. 2.1Qvhere sensitivity penalties f@OK and PAM4 are
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Fig. 2.10 1Sl penalty for various modulation formats and transmit pulse shag

plotted against the ratio ttie data rate tdve channel @8 bandwidth. The reference point

for the power penalties is a sensitivity of and OOK systenatat rte equal to the channel

3dB bandwidthWe examine systems with no equalization, equalization and equalization
with raised cosine pulse shagimhe ISI penalties for OOK do not exceed thesgerity

penalty for going tdAM-4 until the point when the bit rate is twiimes lager than the
system bandwidth. As more equalization is added to the system, it can take up to three

times the system bdwidth before OOK exceeds the sensitivity of moving to RAM

2.5 Equalization, Pulse Shaping, and Forward Error Correction

2.5.1 Equalization

Based on the VCSEL drfibercharacterizationthe power penalties due to ISI from
CD, MD, laser bandwidth and lasiber interactionsan be fairly significantOwing to

high attenuation values compared to siligsed optical links, the penalty due to the ISI
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could be highly detrirantal to the performance of MMbased links. The power penalties

due to the deterministic ISI effects can be compensated using a simple analog equalizer
with modest number of taps. The #gmgth of the equalizer is an indication of the
complexity in analg circuitry required to implement the structure and hence of thetos
implementing the system [86], [J1n this work, a digital implementation of the analog
linear equalizer has been used to compensate for the dispetimed ISI. This can take

place at the transmitter and/or receiver. Timedr equalizer, also calledfeedforward
equalizer, consists of a simple finite impulse response (FIR) structure whose tap weights
are adjusted to compensate for the channel distorti®y [89). Typically, wo kinds of

FFE structures are available: 1) Symbpbhced equalizer, where the filter taps are
separated by one whole symbol period; and 2) Fraaliiypspaced equalizer in whidhe
tapspacing is some fraction of t hKespasegt mb o |

fractional feed érward equalizer is given by]i8

wo ooYu)oD— E wYoooD— W'Y o

OYwd - E & Yoo — (2.53)

where av é g a, aé -a are the filter tap weightSy ¢ is the unequalized received

signd which is given as input to the FFE and
the taps. Note that +N does not have to eqbdali.e. the filter needs not be symmetric.

The filter tap weights are tuned adaptively to match the output to a knowngragguence

by leastmeansquares (LMS) algorithm [83] with a given steige. Once, trained the filter

weights are static throughout the optic communication.
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2.5.2 Pulse Shaping

Throughout the work presented in this thesis, raised cosined&€) shapings
investigated where the frequency respondg(f) of the RC filter has the conventional

form:

v Y‘{I $Q -
0 Lo Al6s — F— s — (259
Vs mh €N VQI Q

INEgq. 549 , T i s t he sy niweodtoffpactor.iTloedS| pemaltyiisidaa b i s
rate dependent and is the ratio of the eye height without ISI to that with ISI. It represents

the extent to which the signal power would have to be increased in order to compensate for
the reduced noise margimising from an ISl induced closing thhe eye As stated before,

the ISl penalty is [8B

0 pm il ﬁpo

where the eye closure penalty can also be expressed as
o 0 p | '0O'00AgR ® QQ
‘0’00 'O OAZ®R ® QQ | '0O'00A R ® Q'Q(2.55)
wheret, is the sampling instant amd is the number of levels in the signaling. One of the
advantages of employing RC pulse shaping rather than unshapedréo@gulaNRZ

pulses is that its lower bandwidth requirement ensures a lower ISI penalty in a bandwidth

constraned optical link. Heoe, Eq. 2.55 may be simplified as follows:
o 0 p | "D0AgR ® QQ (2.56)
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Thus, unlike the noise enhancement penalty, the ISI penalty does not depend on how
equalization is split between the transmitter and receiver, butndepen the net
equalization, namely it depends'@y, 'O . Employing higher modulation formats like

PAM-4 additionally result in sensitivity penalty:

0 pitl & p (2.57)

Clearly, employing higher modulation formats are justified when the loss in sensitivity is

compensated by the reduced ISI penalty owing to the lower signal bandwidth.

Unshaped NRZ pulse shaping with equalization, bei@k wall receiver filtering

and opimum sampling ab  Ttresults in an eye closure penalty of:

o 0 p . 0Q'Q (2.58)

Eqg. .58 showsO  mtfor certain low values of bitrate/(linkandwidth), where this is

due to the presence of an overshoot, as shown in the sionulesiults of This occurs due

to a concentration of the pulse energy at the center of the pulse for these values of
bitrate/(linkbandwidth). It should be noted that this is never observed, because it is an

artifact of the near infinite bandwidth of an aleinshaped pulse.

The actual shape of the received nominally unshaped pulse depends on the total
channel bandwidth. Therefore, we refer to these pulses asPAMSEL modulation is
distinctly not OOK). Furthermore, we use our measured channel respuhsgersote the
received waveform after propagation through our channel as unshaped (UnS). Note that
the IEEE 802.3 standard assumes the transmitter employs Gaussian pulse shaping and

overall impulse response of the MMF link to be Gaussian shaped.
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2.5.3 EqualizerNoise Enhancement

A drawback of using equalizers is that they enhance the system noise while
correcting channel impairments. Consithex measured combined optical transmitter, fiber
and optical receiver respondds(f). The MMF link, which is dominated by the VCSEL
response, is shown to be closely approximated by a Gaussian behavior, where the
frequency response of anrorder Gaussiais A @BD'QQ . The noise penalty then
needs to be determinasith a receive filterH(f), a noise spectral density(f) and
frequency responsé® andOy for the transmitter premphasis and receiver post
equalization, respectivelfPreemphasis and poesualization jointly compensate for the

channel response for frequencies up to sBWeq due to hardware or SNR limitations,

I.e. equalizatiorcompensatesuch thatO; Oy, — for frequencies up tBWeg.

The optical power penalty due to noise enhancement is the ratio of the noise power

before and aélr receiver posequalization [88

L T T e R h . S 8
LQE waowl I € _ (2.59)
where,
0 0 0 0 0 (2.60)
0 0 0 0 0 (2.61)

where 0 and 0 are Power Spectral Densities (PSDs) of the RIN and DAC

guantization noise addedthetransmitter) is the PSD of the ADC gquantization noise
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added at the receiver, while accounts for the all the thermal noise added by the
link shown It should be noted thét is the PSD of the DAC quantization nois¢eaf
preemphasisin this theoretical analysis, the digital receive filter is presumed to have the
same bandwidth limitation as the equalizer,B¥kq, and an ideal lovpass filter shape.

Hence the secortérm in the numerator of EqR.69 is negligible.

A DAC (8-bit architecture) imposes significant white noise resulting in an effective
number of bits (ENOB) of ~5.2. The RC pulse shaping and subsequeshptesis are
done in the digital domain with-Bit resolution and por to the DAC Hence, any
guantizaton noise added by this filtering process is overwhelmed by the white thermal

noise imposed by the DAC and the subseqliekicomponents

Similarly, a typicalADC has an architecta of 8 bits and an ENOB of ~45; also
exhibiting a wlite noise behaviorModern wideband DACs and ADCs are typically
dominated by thermal noise and that quantitation noise and jitter are not the limiting noise
sources. Thus, these devices exhibit white noise and an ENoB that is essentially frequency

independent.

Furthermore,tiis reasonable to model RIN and shot n@séhaving white PSDs.
Hence, theexperimental link has a net noise which is not quantization noise limtkd a
has a neawhite PSD.Note that the minimum ENOB requirement to avoid a quantization
penalty for a far level modulation format is ~3.8 1P Thus the noise spectrum of Eq.

(2.59 can be assumed to be white with 0 .

Equations ) reveal that if the link is not limited by the bit resolution of the DAC,

then the DSP induced noise enhancement is mostly a result of the recehsgyyadiziation
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and not transmitter premphasis. In such a ca%e,; pand Oy — . On tke other

hand, the noise enhancement is maximum (worse case noise enhancement) when the entire

channel compensation is done at the receiver, i.e. @hgn pandOj —.

2.5.4 Forward Error Correction

The ReeedSolomon (F5) codes, introduced in 1902], are one of the most
popular classes of error correcting codes, used in many communication technologies.
Hardware implementations of RS codes have been studied and optimized over many years.

The performance of RBEC was investigated e.g. in [93

The RS code with rsymbotong codewords, each symbol of length g bits, can
correct t = (n 1T k)/ 2 symbol errors, where
code rate is k/n. For the common RS(255,239) code, n = 255, k=239,t=8and q=8. The
rateis 239/255 = 0.94 and the overhead is 16/239 = 6.7%. The error rate at the output of
the decoder can be calculated as a function of thertat rate at the input of the decoder.

Assuming that the error probability at the input BER independent over all the bits in

the FEC codeword, the incoming symbol error rate is

YOY p p 60V (2.60)

Under assumptions that the decoder corrects all errors up to t symbols and detects all errors

above t symbols, the symbol error ratehat output of the decoder is [9@h. 8}

YOY -B 'Q YOYp YO (2.61)
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The outpt bit-error rate carbe calculated from the output symbol error rate by inverting

the step

60Y p p YOV 7 (2.62)

The overhead for a Re&blomon (RS) error correction has been included in the
raw link speed. Several considerationg @aken for choosing an appropriate FEC
including: total latency, overclocky and implementation penaltyVe assume the RS
(544, 514, 15, 10) FEC code will be implemented, which is in accoedaitb IEEE
802.bmstandards for PAMI [95]. An overclocking rate of 3 percent is included in all
data that uses RS FESince allequalization is1otfeedforward (FFE) we count errors to

ensure that they are random. The resunigffective coding gain of 6.5dBY.
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CHAPTER 3.
EFFECTS OF VCSEL MODE COMPETITION ON FIBER

COMMUNICATION S YSTEMS

The growing demand for bandwidth in short reach optical links has resulted in a
need to increase the data rates of multimode fiber lo#s [97]. As longhaul and metro
fiber optic links have begun deploying 10($ystems, th@eed to upgrade shen¢ach
optical links for local and storage area networks to keep pace has prompted the
development o#00G Gigabit Ethernettandards. One prominent standdevelopeds
400GBASE-SR16, utilizing 16 parallel ~25Gbps lanes with vertical cavity surface
emitting lasers (VCSELS) over ntimode fiber (MMF). Somenvestigations on VCSEL
based MMF links have indicated that the MPN penalty is a limiting noise factor for
realizing longer reaches of MMF link§]]. Currently,the IEEE 802.3bs standalidk
modelusesa worstcase kpn parameter of 0.3 which makes the MPN penalty contribution
significant tothe total penalty of the link [2and suggests that links of 50Gbps over >100m
are nearly impossible due to the noise ftgn&or this reason, it wasnportant to study
the noisecharacteristics of VCSELs and factafecting it in more detail. MMF must be
treated from a statistical perspective due to variations in modal bandwidth that result from
the interaction of the VAS_-launched fiber mode power distribution (MPD) with the
fiberds differential mo d a | del ay (DMD), bo

remaining within their respective specificatidas, 99.

The performance of VCSEbased optical links is ainly limited by the penalty

due to dispersion and penalty due to the noise in the VCSEL outp8ENGoise has two
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aspects to itFluctuations in the composite power output or the relative intensige
(RIN) and eandom fluctuations of optical power anyg different transverse modes of the
VCSEL. The multrmode nature oWCSELs used in data centers and LANs results in
random fluctuations among the different transverse modes due to mode compétition [
57]. These random fluctuatiomsanifest as a randormting jitter due to the wavelength
dependence of the group velocity which is different for different modes. This random jitter
results in an amplitude variance at the optimal samtistgnt, and is referred to as mode
partition roise. Ogawa47] proposed usingsimplified assumptions, a simple model to
estimate the variance due to MPN in siagiede and multmode fiber links which was
then used by Agrawabp)] to derive closedorm expressions for the power penalty due to
MPN under additional idealizingssumptions. This extended Ogatgrawal (GA)
model is the basis for the model used by the IEEE standards group to estimadecaidh
VCSEL-based MMF link performancel]. It uses major assumptions which &sted in

2.3.3, but here we will focus on

1) The composite power in all modes of a laser at any given instant in time is

constant

B A p (3.1)

2) The crossorrelation parameter, of the power fluctuations between any two

modes of the laser is constant

Al 1T O@MOBD E (3.2
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3) The power in a given mode remains constant throughout the duration of a bit

period.

The variance for the normalized power in each mode is thus calculated byAthe O
model in a heuristic manner following aboagsumptionsg8] without any consideration
of the physical basis of how the modes actually fluctuate inside a laser. For a VCSEL
however, the lasing transverse modes continuously compete for gain in the active region.
Consequently, the extent of intensityerlap between the spatial distributions of any two
modes is a primary factor determining the crosselation coefficient®) of those modes.
Thus, the random fluctuations among different VCSEL modes result from a complicated
interaction of mode prdé and various modeoupling mechanisms. dlitionally, these
correlations in the mode power fluctuations impact the value of RIN for the device. Thus,
each of the assumptions -13) are violated when the standard MPN model is applied for

VCSELs.

Anotherassumption in the @ model for MPN is that the modes in a VCSEL are
all anticorrelatedOur experiments9] showed different kon measured from the statistics
in each transverse mode of an 850nm VCSEL, contrary to the standard model assumption.
Similar experiments have measured the correlated fluctuations between polarization modes
of a VCSEL P9], and correlations between transverse modes of an optically injected
VCSEL [100. However there has never been an experimental demonstration of accurately

measuing the crosgorrelations and determining the actuapdparameter.

In this Chapter, we develop a novel method to measure the-cowostations

between transverse VCSEL mod&hle crossorrelations are then used to recalculatak
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values for two diffeent VCSEL wavelengths. We then determine that the RIN of the laser
is actually fiber dependent, and demonstrate how the RIN increases with fiber transmission.
Based off these findings, we study how fiber effects VCSELs with different numbers of
optical male sets ranging from 3 to 10 and determine there could be an optimum number

of modes for a VCSEL and thus an optimum aperture size.
3.1 Noise in VCSEL Based Links

Through a novel measurement system, keported direct measurement of
correlation propertie®f transverse modes fofCSELs of different wavelengthdVe
demonstrate that VCSELs havdéow kmpn With all measurements <0.06, consistent with
link experiments using multimode VCSELSs coupled through multimode filbés finding
demonstrates the use kf0.3 is very conservative and a lower worst case of 0.15 is
justified, as well as indicating that data rates beyond 50Gbps are po¥éélavestigate

both 850nm and 9G06n VCSELs
3.1.1 Covariance and Correlation Properties among VCSEL Modes

The full staistics of modéf | uct uati ons in a VCSEL | asi
modes can be completely described by a covariance matrix (COV) of the normalized

instantaneous mode powers having dimensionality (MxM) [14]:
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Here,O A O &> O ahO is the variance of the fluctuation from mean value of the
ith VCSEL mode and\ | O EtEOO &) QX Ais the covariance of modes i and j. Note
that, unless stated otherwise, all references to modes in the rest of this paper refers to the
transverse modes of the VCSEL. The notatiGE  is the same as that used irAO
model with the exception that thestantaneous sum of the mode powers is no longer
assumed constant, e.§., G¢E 1. Instead, we assume tit &0 1, i.e. the sum of
the average mode powers is constant. The COV matrix completely captures the noise

properties of a laser.

The cros=correlation of the noise can be calculated using the COV matrix and

normalized statistical expression:

Y T oo- 70 @ ¢ (3.9

wherecd 6 represents the normalizeB&)O=1) instantaneous optical powia the th
mode,® 0 T isthe timedelayed version of the instantaneous power intthepde,

is the time average operator, antl, are the standard deviations of #ed he 0 .
The resultingRij( U) r a n g4 $o0 1,baadtisvmeasure of the correlation between
noise inith andjth modes, wherel represents a pure agtrrelation and 1 represents a

pure correlation.

It has been recognized that chromatic dispersion and DMD can act in a
compoumling or compensatinéashion [9. At these wavelengths, the fiber has normal
chromatic dispersion (Dispersion parameter, D <0), with the higher order VCSEL modes

(shorter wavelengths) exhibiting lower group velocity than the lower order VCSEL modes
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(longer wavelengths). Adddnally, higher order VCSEL modes tend to couple more
efficiently to higher fiber modes leading to mode spectral bias. Thus, so called left sloped
DMD (L-MMF, higher order fiber modes arriving earltean lower orde¥/ CSEL mods)

can experience a compernsgteffect between CD and DMD when a VCSEL with multiple
modes is employed. Right sloped fiberNRIF) on the other hand tends to have both CD
and DMD act to delay the higher modes (shorter wavelengths). Thus, we distinguish
between these two typesfdiers, whichmay be characterized by the same EMBc but still

yield different net dispersio

For both the850nmand 900nmVCSELSs, correlations were calculated from the
measured variances and covariances fanatle pairs in a back to batkk and with two
different 100m multimode fibers, a 2.05G#m EMBc L-MMF and a 2.10GHkm EMBc

R-MMF. The two fibers have identical attenuation of 0.88dB including coupling loss.

The 850nm VCSEL modes exhibit mostly acdirrelations, which decrease in
strength with increasing mode number diffeze. The crossorrelations R(t) for two

example mode pairs of the 850nm VCSEL biased at 8mA (2.16mW) are shown3riLFig.

0.1 T T T 0.3 B .
(a) (b) _R24 back-to-back

0.25¢ —R,, 100m R-MMF
—R,, 100m L-MMF

_R3 i back-to-back|
—Ru 100m R-MMF
—'Ru 100m L-MMF

Y 05 0 0.5 g 0 05 0 05 1
© [ns] t [ns]

Fig. 3.1: (a) Crossorrelation of mode pair 3, 4 in back to back setup and Hi@m
of L-MMF and 100m of RMMF; (b) Crosscorrelation of mode pair 2, 4 in back -
back setup and after 100m ofMIMF and 100m of RMMF-.
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Rs4 exhibits anti correlation while ®exhibits a positive correlation. For &lack to back
cases, the correlations peakedret samed=0. Theback to backnegligible dispersion)
correlations decrease to ¥ strengtt¥@twithin a few hundred picoseconds. This temporal

duration of the correlation is related to the equilibration time of the gain medium.

Two observations from thmeasured correlations after fiber propagation were that
firstly, the peak magnitudes shiftedtt® and secondly the peak magnitudes were smaller.
Following Eq (2),t<0 corresponds to théhjmode lagging thethh mode. Thus, when the
correlation peaks &k0 the th VCSEL mode has experienced a slower average group
velocity. The peaks themselves also decrease due to the net dispersion of the fiber. The R
MMF exhibit the most reduction, where this is consistenhulie RMMF having the
larger net dispersion.

The temporal shift in peak correlation contributes to the decreased correlation
experienced within any given symbol period since the symbol temporal width of 25Gbaud
is small compeed to the time scales of Fig.L In the case of the-MMF, the peak cross
correlation shifts only slightly due to lower net channel dispersion from the couimtgrac
DMD and CD effects In contrast, the RIMF has a significant shift due to the
compounding décts of the DMD and CDMode 4 is seen to experience the largest average

group delay.

Table 3.1lists the(30 correlations for all mode pairs for btb and botMMF and R
MMF for the 850nm VCSEL. Each mode pair has its correlation reduced by at least 25%
after propagation in 100mf fiber and in one case we observe that the mode pairs have
become essentially uncorrelated. This decrease in correlation will necessarily impact the

aggregate RIN which relies on agbrrelation between modes to reduce the RIN below
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Table 3.1 850nmCros€or r el ati ons
Back to 1&0,\%"' 100m RMMF
Back 2 05 GHzkm 2.10 GHzkm
Modes Ri Ri Rij
1,2 -0.61 -0.58 -0.45
1,3 -0.16 -0.12 -0.04
1,4 -0.10 -0.07 ~0
2,3 -0.25 -0.24 -0.10
2,4 0.24 0.18 0.15
3,4 -0.58 -0.52 -0.38

that of thesum of the individual variances and will be discusseceitiGn 3.1.3

VCSEL and VCSEEMMF behavior was also obseed with 900nm VCSELSs,
Table 3.2 where 10mA (2.95mW) of bias was used to ensure 4 lasing VCSEL modes. For
the 900nm VCSEL only the adjacent mode pairs arecantelated and all neadjacent
mode pairs are positively correlated. Mode pair 1, 4 is essentially uncorrelated. The
additioral positive correlations seen in the 900nm VCSEL will have an effect on the noise
of the VCSEL and be discussed in Section 3.1.3. Similar to the 850nm VCSEL, we observe
a reduction in correlation across all mode pairs after propagation through fibenevigh t

MMF again yielding the larger reduction and botMMF and RMMF producing a larger

Table 3.2900nm Cros€€or r el ati ons (
Backto |100mLmmF | 100mMR
Back @850nm MMF
@850nm
Modes Rij Rij Ri
1,2 -0.44 -0.37 -0.29
1,3 0.20 0.13 0.06
1,4 0.01 ~0 ~0
2,3 -0.27 -0.19 -0.10
2,4 0.17 0.10 0.05
3,4 -0.25 -0.20 -0.14
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reduction than that observed with the 850nm VCSEL. This is consistent with the expected
larger net dispersion at 900nm in the MMF due to the anticipated larger DMD.
Higher capacity VCSEIMMF links can be achieved using mukivel modulation
while still retaining the simplicity of direct modulation and direct detection. Indeed, new
deployments using PAM are poposed [101, 1J2 Each intensity level may have a
differert RIN and MPN resulting from the different photon density and different number
of lasing modes. Therefore, we investigate the noise correlations over a wide range of bias
to fully quantify the VCSEL noise properties and potential impact on link performance
Using the 900nm VCSEL we determined the cramselations at 4 different bias
points corresponding to 4 intensity levels of a PANbrmat. The peak cross correlations

of the 900nm VCSEL at these bigoints are listed in Table 3.At the three lower b&a

Table 3.3900nm Cros£orrelations at four Bias points

Backto | 55 a | sma | sma 10mA
Back

Modes Ri Rij Ri Ri
12 028 | 037 | -063 20.44
13 029 | 027 0.37 0.20
14 : : : 0.01
23 049 | -055 | -0.60 20.27
24 i i i 0.17
34 : : i 20.25

currents 3.5mA, 5mA, and 8mA, only three modes exhibit measurable power. Furthermore,
for these three modes, the amirrelations and positive correlations increase as the bias
increases and peak just as a fourth mode begins to lase. This drop iaticormgith the
introduction of the fourth mode is most likely linked to additional gain competition and

spatial hole burning effects. Most importantly, the crosselations go through a
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significant variation with bias indicating that there are largestifices of MPN and RIN

penalties among the different modulation levels.

3.1.2 Kupn Calculations

The determination ofrkpnas defined by €A model is limited by our observations
that VCSEL modes do not conform to the underlying assumptions of this model. However,
we can estimaterkpn for those mode pairs that are anti correlated and can therefore
provide an estimate of an efftive knpnthat can be used to estimate link performance.

The OA model enablesrkpnto be calculted by two different methods [hFirst,
as a two mode correlation (TMC) where in the MPN standard deviation is proportional to

kmpnwhich can be writterni terms of thdack to backY as:

~

Q f 'YTné@d

(3.5)

Again, all modes are presumed actrrelated [11], thusY is presumed negative. The
second square root represents the product of the standard deviations of randgs i
normalized to their respective powers. Ultimatelnkis a renormalized correlation of
the joint standard deviations of modes i and j. Lastly, the assumptions ofAhmddel
yield the sametkpnfor all mode pairs used in EQ..83. Clearly, fa VCSELSs this is not
the case.

In the second methodrpn is determined from the variance of a single mode
(SMV). Originally derived heuristically by Ogawa, this is:

~ 6 06 O

Q 05 (3.6)
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where the numerator representswhaance in theth mode. In this form the real time data
@ must be free of all correlated noise. Thus we remove the receiver noise (thermal and
shot) and the measured aggregate RIN contribution. The denominator was calculated from

measured time averagigoower spectrum,d}. The variance is then weighted with the

Table 3.4: kpnfor 850nm and 900nm VCSELs

kmpn kmpn kmpn kmpn
Modes| (TMC) | (TMC) | Mode | (SMV) | (SMV)

850nm| 900nm 850nm| 900nm
1,2 0.052 | 0.038 1 0.040 | 0.031
1,3 0.024 - 2 0.050 | 0.029
1,4 0.020 - 3 0.057 | 0.017
2,3 0.035 | 0.019 4 0.026 | 0.028
2,4 - - - - -
3,4 0.059 | 0.024 - - -

&0 O. We include this method since it is the most commonly used to determime k
because it is experimentally convenient and allows fomprk measurements with
modulation.

The calculated pnfor both the 850nm at 8mA and 900t 10mA are listed in
Table 3.4 Theabsence of an entry in Table 3nlicates a mode pair that is uncorrelated
or positively correlated. We observe that, althougipiRvaries by method, mode pair and
mode number, all determinations efpkare less than 0.06 for both the 850nm and 900nm
VCSELs. Thus, despite the variatsof the kpn, all of the estimates are substantially lower
than the worst casenk, of 0.3 used in the 802.3 IEEE stardland fiber channel standard

[4]. In some cases, thajxis less than 0.03. We also examined additional VCSELSs at both
wavelengths ah observed similar results withrpn never exceeding 0.062. Importantly,
these low knpn are consistent with ourr@vious link experimentas well as with other

published link results1j03, 104.
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We also calculated the kmpn for the 900nm VCSELSs at the four biases previously
described. Using the cressrrelations listed in Table 3tBe knponfor the various methods

and modes are listed in Table 3B all cases kmpn is strictly less than 0.06.

Table 3.5 kmpn for 900nm VCSEL at Various Bias

900nm Kmpn Kmpn
vcsa. | Modes| ryicy | Mode | gy
12 | 0042 1 | 0.045
35mA| 23 | 0.047| 2 | 0.040
- 3 | 0.034
12 | 0.044| 1 | 0.037
smA | 23 | 0.037| 2 | 0.041
- 3 | 0.029
12 | 0050 1 | 0.022
smA | 23 | 0040 2 | 0.059
- 3 | 0.047
12 | 0038 1 | 0.031
23 | 0019 2 | 0.029
OmA I3 T 0024 3 | 0.017
- - 4 | 0.028

We also observe a noticeable decrease in kmpn when the fourth VCSEL mode lases
at 10mA bias. This follows the decreased correlalosady identified in Table 3.Again,
these kmpn are much lower than the currently assumed worst case value used for standards
efforts. The decreased kmpn associated with four lasing modes compared to 3 lasing modes
may be expected to yield a performance improvement, however, itlysthiat the extreme
modes, 1 and 4 or 1 and 3 may dominate the MPN limited performance since these modes
are most likely to be dispersed to the symbol edges first. However it is noted that the
extreme mode pair 1, 4 is always weakly correlated. It isleat ¢ it is more beneficial
to have fewer mode pairs with lowendk, but experimentally it does not appear that one
level of PAM-4 degrades faster as more fiber length is introduced. Therefore, the change

in Kmpn between different biases of a VCSEL nrat be significant.
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3.1.3 RIN Measurement from Correlations

The directly measured variance and covariance allows us to calculate the effective
RIN without making additional measurements or assumptions. Furthermore, the effective
RIN can be determined img link configurationpback to baclor over varying lengths of
fiber. The effective RIN is calculated directly from the measured covariance matrix

elements using:

J o

piT ¥YQ B 0®Oi BB GéU (3.7)
whereOA O & O aOandbé 0 'Y T 1, , . Note that since the variance and
covariance are in terms @f andw, the average power term is unnecessary as the averaged

instantaneous power sums to 1, &g. @O 1.

A significant difference from standaRIN measurements is that the VCSEL noise
statistics are added together by mode and mode pair rather than measured as an aggregate
power. Thus, terms from the individual modes mixing in the receiver photodiode are not
included; however, the VCSEL transvenniodes are generally >150GHz apart and lose
coherence with each other after a short distance (<5cm). Therefore neglecting these terms
should have little impact on the RIN.

Use of a RIN parameter suggests the RIN is white noise or the effects can be
captued as an effective white noise. The frequency dependence of the RIN can be
computed from the COV matrix by the Fourier transforms of the-emt@lations and
crosscorrelations of the modes and mode pairs respectively, however it is desirable to

retain he simplicity of the RIN parameter as is commonly used.
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Since the crossorrelations are primarily antiorrelated the covariance terms of
Eq. (5 generally subtract from the sum of the individual variances and result in a lower
RIN. In other words, thetiength of the antcorrelations are significant factor for obtaining
a low RIN and any disruption of this results in a larger RIN. Since thecam@lation
strengths decrease after fiber propagatieneffective RIN will increase.

From the crossorrehtions of the 850m VCSEL through fibeand the standard
deviations of the modes measured at the end of the fiber, we estimate g ctive RIN
increases by 1dB/Hz for 100m ofMMF and 31B/Hz for RMMF compared to théack
to backcase. Similarly,tie crosscorrelations for the 900nm VCSEL (Table 3.@nd the
standard deviations of the modes measured at the end of the fiber, we estimate that the
effective RIN increases by 1 dB/Hz forMMF and 2 dB/Hz for RMMF compared to the
back to baclcase. Due to the additional positive correlations for the 900nm VCSELSs, the
back to backRIN was higher than the 850nm VCSEL RIN. However, also due to the
additional positive correlations, the RIN did not increase as much through fiber in the
900nm caseas the dispersive effects reduce the noise by decorrelating the positive
correlations thus reducing their magnitude. The 850nm VCSEL throtMNIE still had
a lower effective RIN than the 900nm VCSEL back to back, but all effective RINs were
below-140dB/Hz. We conclude that in order to minimize RIN enhancement when using
VCSELs with many antcorrelated modes, anMMF is best suited for the link. However,
if the VCSEL has nearly equal positive and aatirelations, the type of fiber does not
affect the RN significantly.

We confirmed these effects by directly measuring the &f=&IN at the link end,

Fig. 32(a), which shows the avega effective RIN increases byl@/Hz for L-MMF and
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(a ' " '—RIN Back-to-Back (b) —Theory: RIN=-145dB/Hz, L=100m
—RIN 100m R-MMF —Theory: RIN=-148dB/Hz, L=100m

-140r - K + Exp: 34Gbps, 100m R-MMF
- RIN 100m L-MMF | = Exp: 34Gbps, 100m L—MM_F

RIN Parameter (dB/Hz)
-log(BER)

sliiiaily 4o
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Frequency (GHz) P(dBm)

Fig. 3.2: (a) Measured RIN parameter of béagkack vs. 100m PMMF vs. 100m L=
MMF; (b) 34Gbps OOK link BER analytic model vs. experiment.

5dB/Hz for RMMF. Note that the RIN increase is predominantly observed at high
frequencies. We experimentally quantified the impact on an OOK link using the two fibers
at 34Gbps wh 3.3 ER at 8mA bias using the 850nm VCSEL. We use our sam®-end
end link model as used in section IV to calculate the MPN penalty. Using the known link
parameters andnkn= 0.03, we demonstrate that an increased RIN parameter is required to
match the lieoretical results with experimental data, confirming the phenomenon of RIN
enhancements due to fiber, Fi@@®). Specifically, we observe an increase in RIN of 4
dB/Hz for the RMMF and a 3 dB/Hz RIN difference betweendand RMMF, resulting

in a BER fbor at 16 for R-MMF while L-MMF is able to support errdree
communication. This increased RIN penalty of 3dB feIRIF as compared to-MMF

is a substantial link penalty for higdpeed VCSEL links.

3.2  Optimum VCSEL Apertures

The power efficiency, loncost, and high density capabilities of VCSEased
transceivers make them a key component of short reach interconnects. The IEEE802.3bs
standard focuses on 25GBd PAVand PAM4 MMF links requiring 16 and 8 fibers for

400Gbpslinks, respectively. Next geragion links will most likely focus on fewer MMF
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pair solutions by using wideband multimode fiber (WBMMF), short wavelength division
multiplexing (SWDM), and faster line rates. In the case of PANhese data rates were
demonstrated with multiple apertuMCSELs. However, there was a difference in
maximum erroifree data rates between the VCSEL apertures that was not specific to mode
partition noise (MPN), extinction ratio (ER)r VCSEL RMS spectral width [1)=Rather,

the dispersion the VCSEL modes epiprce in the fiber differs between the VCSEL

aperture sizes, and results in different noise enhancement effects.

In this section, we demonstrate through direct measurement of 850nm VCSELSs
with four different apertures, that i) the transverse mode cdmetaare stronger when
fewer modes are present i.e. smaller apertures and ii) the mode correlations degrade more
quickly due to dispersion when there are fewer modes. Thus the initial RIN is lower (better)
for smaller aperture VCSELSs but the observed Rild eeceiver is more sensitive to link
dispersion for smaller apertures. This results in an optimum aperture size which depends
on total link dispersion. We then show, through experiment, RIN degradation@bf80
errorfree PAM4 links and compare the ise enhancement effects of the different aperture
VCSEL. These results demonstrate that VCSELs with a smaller aperture are more
susceptible to RIN enhancement due to the strongercamglations and fewer mode

groups and that there is an optimum apersize.

3.2.1 Experimental Setup

The VCSELausedn this studywere3rd generatiohigh-speed VCSELSs fabricated
atChalmers UniversityT he 850nm VCSELsSs have aperture di

The VCSELs support 3 to 10 mode groups depending onuapesize, are biased with
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similar current densities. Each achieves data rates of at least 60GB& &t 100m
WBMMF and 90Gbd PAMA over 100m WBMMF. The mode separation process, Fig. 1a,
provides >15dB of isolation from adjacent transverse modes wihiilleestining the
complete spectral content of each mode set. Details of the experiment are similar to
reference 4. The setup is calibrated sobadkac k peak correl ations
The measured spectral RMS of the VCSELs are 0.698nm, 0.763868néh, and 0.949nm
for the 5¢&gm, 7€ m, 9¢em, and 11e&gm VCSELSs,
LaserWave FLEX WideBand MultimedFiber [103. This WBMMF provides more than

4. 7MHzkm effective modal bandwidth (EMBc) over the 850nm to 940nm wavdiengt
range. This specific fiber was optimized near 900nm wavelength, making it slightly left
tilted at 850nm. The link loss was ~0.78dB including connectors. Here, the term left tilted
refers to the slope of the differential mode delay (DMD), where-biglermodes travel

faster than loworder modes and the DMD reduces the effects of chromatic dispersion from

the fiber.

3.2.2 CrossCorrelations

The crosscorrelation coefficient of the intensity nois¥, z , is calculated using

400k synchronously captured noise samples fairmode pairgor each VCSELand the

normalized statistical expression

v + 2 00 @ © 3.9
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Fig. 3.3: (a)Correlations R, Rz, and R3f or t he 5em apertur e
RazandRsf or the 7em apertur eR{SEELor (thecb
VCSEL,; (d) correlations B, Ris,and Rsf or t he 1lem aperture

Here,& O and® O z representhe instantaneous power in tiiéandj" mode and

£ A1 A are the standard deviations of thend J" mode.The correlations are determined

Table 3.6. Crossorrelationsob ¢ mnd 7em aperture

Mode| 1 2 3 4 5

1 - -0.62| -0.35| -0.20 | 0.08

2 |-071] - -0.43| -0.24| 0.15

3 |-0.68]| 0.64| - -0.36| -0.18

4 - - - - -0.23

Table 3.7 CrosscorrelationsoD e mnd 1lem aperture
Mode 1 2 3 4 5 6 I 8 9 10

1 - -0.42 | -0.24 0.19 -0.27 | -0.11| 0.04 ~0 ~0 ~0
2 -0.51 - -0.34 0.20 | -0.31 | 0.07 | 0.06 | 0.03 ~0 ~0
3 0.22 | -0.35 - -0.15 0.18 | -0.28| -0.13 | -0.08 | -0.05| -~O
4 -0.31| 0.16 -0.28 - -0.13 | -0.24| 0.06 | -0.19 | 0.07 | -0.07
5 -0.12| 0.14 | -0.17 | -0.27 - -0.29| -0.23 | -0.17 | 0.16 | 0.10
6 -0.05| 0.05 -0.19 | -0.15 | -0.21 - -0.17 | 0.18 | -0.14| -0.13
7 ~0 ~0 0.09 -0.20 | -0.26 | -0.25 - -0.16 | 0.14 | 0.12
8 - - - - - - - - -0.29| -0.25
9 - - - - - - - - - -0.25
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for all mode pairs in both a back to back setup and after 100m of WBMMF. The number
ofsuppc t ed modes vary between VCSEsupparfs&rt ur e
mode groups and the 11em VCSEL supports 1«
apertures, not every spectral peak signifies an independent mode. Some modes have
multiple spectral peakd ue t o mode degeneraci esthreeThe 5¢
mode correlationsvhere all modes exhibit strong correlations. The dominant lowest mode

is anticorrelated with both higher modes whiate gositively correlated, Fig. 3a3The

7em aper tLusupportsveOndées, leading to more complex gain competition,
severalcorrelations are showninFig. 83 As t he VCSEL apertures
11 ¢ m, endbontsiues as shown in Fig. 3.3c andl3The strength of the correlations

generally deaase since there is gain competition among more modes and any two specific
modes ghibit less correlation, Table 3.6 and 3KHurthermore, in the largest aperture
VCSELSs, the spatial overlap between the lowest and very highest mode groups are smaller
making the mode groups essentially uncorrelated (correlations with ~0). Importantly, all
VCSEL apertures support both antirrelations and positive correlations, and the largest
anticorrelations are between the first few modes. The larger anti correlatitvessohaller

aperture VCSELs contributes to the observation that the RIN is genkraiy with

smaller apertures.astly, we note that mode partition noid#RN) is associated with anti

correlated modes and is therefore expected to be higherfewtbemode, smaller aperture,

VCSEL.

3.2.3 RIN Enhancement from Fiber

The net RIN is the sum of the variances plus a term that accounts for correlations

(which are time dependent). We assume the RIN is white noise across the bandwidth:
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where0 @i @O @O and,wé L Y, (3.10)

Here the aare normalized such th& &JO 1. From Fig. 3.3 we observe that the

dispersive nature of the fiber significantly reduces the eros®lations between the

modes. Inthecaséo t he 5&e m aper tauheeorrdlafoBEate signficamtly 3 .

3

reduced after 100m. Compared to tHemcase

VCSEL, Fig. 3.3b, 3.3c, and 3l 3the correlations decay slightly slower. This is most likely
the result of the initially | ower <correl
order modes experience whawupling to higher fiber mode$he result of this difference

in loss of correlation is a difference in the susceptibility to RIN enhancement among

Table 3.8: Measured RIN and enhanced RIN for all VCSEL apertures

RIN (dB/Hz) Distance Spm 7um 9um 1lpm
Variance and back-to-back -151 -151 -150 -147
Covariance 100m -146 -148 -148 -145
Real-Time back-to-back -153 -151 -149 -146
Scope 100m -148 -148 -147 -143

different VCSEL apertures. The correlations experience most of their reduction due to
dispersion and not timing deldetween the mode groups. TRE&N was computed with
both the variances and covariances of each moddhee aggregate signal, Table 3.6 and

3.7. The 5em and 9e¢em aperture VCSELs -had

{—100Gb/s back-to-back
{—100Gb/s 50m WBMMF
—100Gb/s 100m WBMMF|
—100Gb/s 150m WBMMF|

[~100Gbrs back-to-back
10 {~100Gb/s 50m WBMMF 10
[=100Gbis 100m WBMMF

100Gb/s 150m
9em VCSEL

¥ 100Ghb/s 100m
5em VCSEL

@ |®

) 4 -2 0 2 4 6 4 2 ] 2 4
Received Power (dBm) Received Power (dBm)

Fig. 3.4: (a) BER for 100Gbps RCPAM using 5em apert ul
100Gbps RCPAMI using 9eCndEaper(trurgehty) eye <
and 5egm aperture VCSELs at 150m and
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151dB/Hz and-150dB/Hz. All VCSELs experience an increased Riftér propagating

thru fiber. The results of the computed aggregate RIN are confirmed by direct measurement

of RIN using a high bandwidth reaiime scopeTable 3.8From our link BER experiments,

we experimentally quantify the impact on a raised cosit® AM-4 signal at 10Gbps

with setyp similar to referencelp5. Consistent with Table 3,8he 2 m VCSEL per f or
best. Figure 34 hows t he BER and eye diagrams for
aperture VCSEL degr ades f amsasedrfibetléngtm The he 9 ¢
5em VCSEL does h00GbpskPAdIal ertorfréeQFIgn8.4a,t whi | e t he
aperture VCSEL reaes nearly 150m errdree, Fig 3.4. This is consistent with the
observed eyes of the 5¢&m VCSdrporsantly, @B and
floor develops much quicker in the smaller aperture VCSEL due to the dispersion effects

on the heavily anic or r el at ed pairs and possibly due
VCSEL will experience a greater penalty due to MPN than¢hen9 VCSEL, whi ch
appear as a timing jitter and will not necessarily be accounted for in the variance
measurements. Therefore, among this set of

for links beyond 50m.
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CHAPTER 4.

VCSEL DATA COMMUNICATION

The 100GBASESR4 standard uses 25@GbWCSELs to achieve 1@bpsusing
four MMF lanes. However, for the deployment of 200G and 400G systems, there is a need
to increase the capacity of the system while controlling the density of the front panel
interface and alsthe cost and complexity of the systdemploying25Gbpscore data rates
for the 400GbE solution proposed by the IEEE P802.3bs Task Force requires using 16
fibers in each directiorAt these data rateg,is difficult to scale to Terabit capacities. The
historic and natural solution for retaining the low cost and low power consumption
advantages of VCSEMMEF links is enhancing the core data rates that each VCSEL source
supports. However, data rate increases continue to out run bandwidth increases of VCSELSs
and receivers. Fortunately short reach links are beginning to exploit signal processing
strategies to maintain the increasing data rates although available DSP is more limited that

that used in longpaul systems due to power, cost and latency constraints.

In this Chapter, we will demonstrate the ability of VCSELSs to scale data rate through
VCSEL improvement and including signal processing strategies to mitigate channel
impairments while shaping the spectral energy of the signal. Our first experiments
invedigate deployment of PAM for 50Gbps. We then shaat 100G transmission using
a single 25G VCSEL can be achieved by employing RC pulse shaping aschjpinasis
at the trasmitter in conjunction withpost compensation at the receiwfe demonstrate
greder than 100Gbps PAM errorfree signaling over 100m of OM5 MMwwith new

generations of VCSEL and photodiode technology. And, lastly we review different

76



modulation formats and determine the optimum format for a target bitrate, givem a specific

channel badwidth.

4.1 VCSEL Links >50Gbps: Experimental Studies and Demonstrations

VCSEL-MMF links with bitrates >50Gkgphave been reported in the past using OOK
modulation L0, but the apability to robustly support >50Géps limited. Advanced
modulation formats lik the multilevel modulation schemes that support multiple bits per
symbol, offer a practical solution. In particular, PAVhas been deomstrated to support
32Gbps[107] using 850nm VCSELSAt the time of this researcheaches up to 200m at
30Gbps[101] and 50m at 5Gbps[102] were demonstrated at 850nm. Longer wavelength
solutions using InGaAs VCSELs near 1microm lsdsobeen proposed. The VCSELSs
have their active layedrained, resulting in large differential gain and higher modulation
bandwidths for these VCSELs. Advances in this technology have enabled 1060nm
VCSEL-based MMHinks with high reliability One potential problem with links at longer
wavelengths is thelder DMD which would be high for the standard OM3 and OM4 fibers
at wavelengths other than their optimal operation point, i.e., 850nm. To counter this issue,
specialty fibers have been proposed which are designed for operation in broadband region,
i.e., atwavelengths from 850nm to 1100nm, but more research is needed to determine the

feasibility.

4.11 50GbpsPAM4 links using 1060nm VCSELs

First attempts at 8Bbpslinks involved using strictly PAM}. The ~25Gbaud
electrical PAM4 signal is generated by pewcombining two independent PRBS

channels (SHF 12124A), Fig. 4a). Each channel has an independetaipdsymbol spaced
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Fig. 4.1:(a) Block diagram of the experimental setup of PAMnk at 1060nm; (b)
Eye diagram at TP1; (c)-L-V curve of the \CSEL.

preemphasis filter. The resultant electrical signal exhibits a quality factor of ~9.5 when
loaded with 50q i(bpTaareceiweras, custom designeéd.atlGeorgia Tech
consisting of an InGaAs photodiode and a low noise Inphi TIA iyigld net bandwidth

of ~28GHz. The bit error ratio (BER) of the received PAMignal is calculated using a
conventional error analyzer (SHF 11100A). Three different threshold levels are used to
measure the symbol error rates (SER) of the top, middlehnanottom eyes in the PAM

4 signal.

The BER can be calculated from the SER values, in-8i§R regime for the
naturally coded PAMI signal [8%:

0 0Y-YOY TYOY -7YOY 4.1

Our analytic model calculates the BER vala@®ctly from the noise variances
such as receiver thermal noise, shot noise, RIN and MPN along with tkeosyee
penalty which is impacted by all possible ISI effects in the link including the laser and
receiver bandwidths, CD, DMD, baseline wandeeet§ and finite ER of the transmitter.
Our noise variances are equivalent to those of the IEEE 802.3bm link budget #jodel [
ISI effects are determined assuming a Gaussian channel response to estimate the eye
closure penalty from the net channel respaageued by the 10490% risetime Tc.The

worstcase eyelosure for each individual eye for PA#is [108]:
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Fig. 4.2 50Gbpsusing PAM4 at 1060nm:|éft) OM3 MMF performance: Analytic
(solid lines): RIN ~155dB/Hz, CD=40ps/nm.km, EMBc~2.4GHz.km and ISI pene
indicated. Experimental (dashed lines): 100m and 2@fght) Prototype Wideband
MMF performance: Analytic (solid lines): RIN ~155dB/Hz, CD=40ps/nm.km
EMBc~4GHz.km and ISI penalty indicated. Expnental data (dashed lines): 1501
250m and 310m.

On v AopR y— (4.2

where O0T06 is the symbol period. Through
backto-back pack to backand fiber experimental data, power penalties due to individual
ISI effects have beeidentified along with an accurate estimation of different noise
parameters including RIN and MPN. The BER performancédak to back100m and
200m of OMS fiber, using premphasis optimized foeach link, is shown in Figl.2
Results for the 100m filbdink with the same premphasis as thigack to baclcase are

also included for accurate estimation of CD/MD penalties from comparison with analytic
model results. The PAM full ER (top/bottom) was maintained at ~6dB with a baud rate
of 25.78125Gbaud/s allowing for FEC overhead. This OM3 sample hasaksnpedal
bandwidth between 900 and 950nm. The performance with 200m OMS3 exhibits a 2dB fiber
penalty when the same peenphasis aback to backvas used. Estimations deduced from
fitting our analytic model results to the experimental data for 100m fib&r ield
~2.4GHz.km for the EMBc of the OM3 fiber at 1060nm. Here, a CD parameter of

~40ps/nm.km has been used in the analytic model which is typical of 50 micron MMFs at
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1060 nm. The corresponding ISI penalties due to CD and MD for this 100m fiberdink ar
~0.2dB and 1.5dB respectively. The 200m fiber data shows that a BER &5 €d®be
achieved, which is limited only by the overall power available. Specifically, there is no
evidence of a noise floor in these measurements, which suggests negligiblped&ty

in these links. Figd.2alsoshows the performance of a prototype wideband MMF designed
for performance beyond ~980nm. DMD measurements with a tunable laser show that
modal bandwidth increasésom ~1.85Hz-km at 775nm to as high as ~&Hzkm at
1000nm for these fibers. The peak bandwidth beyond 1000nm has not yet been determined.
The experimental data shows that effree performance is possible for reach up to 150m

fiber without FEC and 310m with FEC at an additional fiber penalty of ~3dB.

4.1.2 RIN Dependence on Bias for GBpsPAM-4 Links

RIN is primarily the reult of spontaneous emission [1@®&d therefore generally
decreases with increasing average laser power. The RIN penalty for a modulated VCSEL
depends on the individual intensities atk possible amplitude. For PARIlinks, a single
RIN corresponding to the average output power may be a reasonable approximation as
there are only two output power levels and the ER may be modest. The four distinct levels
of PAM-4 together with the typitdigh ER associated however may result in significant
variation of RIN with the power levels. Additionally, the reduced ER of the individual
levels increases the BER sensitivity to RIN compared to OOK links and a small error in
RIN estimation causes langaleviations in the predicted link performance even at
reasonably high ER. The effect increases with increasing VCSEL RIN, and is significant
for RIN >-140dB/Hz The power spectral density (PSD) of the VCSEL RIN is measured

when operating the VCSEL unmodtgd at different Déias currerd. The resultant
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Fig. 4.3: (a) Unmodulated RIN spectra for various bias currents-K{5IN for
the 900nm VCSEL

spectra, Fig. 4,3exhibit the expected peak resonance frequency shifts towards higher

frequencies and increased damping wniitreasing bias, Fig 4.3

We compute the average RIN at each bias and use these results in our analytic
model. These VCSELSs exhibit a very good average RIN lessi1b@dB/Hz for bias larger
than 5mA. Erroifree peformance of 25.78GBaud PAXI using 900nm VCSELSs atfall
(highest to lowest leveBR of ~5.4dBjs readily achievable, Fig. 3.6 the back to back
configuration. We fit the measured data using both a fixed average RI$:BdB/Hz
corresponding to t average bias point (7.5mA) and an intensity dependent RIN of [

143.4,-150,-153.6 and <155] dB/Hz for the 0, 1, 2 and 3 levels respectively.

The receiver sensitivity is fixed; therefore the only fitting parameter is the net ISI
penalty. The variable Rl model yields notably better fits to the measured data ttiean
fixed RIN model, Fig. 4.4importantly, the ISI primarily determines the behavior at high
BER and a combination of ISl and RIN determines the behavior at low BER. The extracted
ISIis ~5.3dB(5.5dB) for the variable RIN and fixed RIN model respectiviehportantly,
the apparent ISI penalty decreases by ~0.2dB when using a variable RIN; thus the fixed
RIN modeling overestimates the fiber ISI penalty. Furthermore, these deviations in the RIN

penalty will be much larger for VCSELSs with higher RIN. For example, our model predicts
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Fig. 4.4: 5@bpsPAM-4 for (top left) back to back at 7.5mA bias; (top right) 10(
of three standard OM4 fibers at 8.5mA. (bottom) 100m of one standard OMaffit

8.5mA. Ex: experimental, An: analytic model. Variable RIN yields improved fi
experiment.

deviations of up to 2dB if the average RIN of the VCSEL-i45dB/Hz for an ER of
~6dB. Error-free transmission over 100m of three standard OM4 fibersiar@M3 fiber
isalso readily achieved, Fig. 4.Mlere, a bias of 8.5mA and a full ER of ~6dB was used.
The EMBc of the three OM4 fibers are ~10.0Gkta (OM4-1), ~6GHzkm (OM4-2) and

~5.2GHzkm (OM4-3) with slightly different optimum wavelengths near 850nm.

We use the same individual RIN values as forlthek to backcase and achieve a
very good fit when using an appropriate I1SI penalty. On the other hand when using the
singe valued RIN the model deviates from the observed BER performance. Note that the

mockl predicts the MPN parameter k to be < 0.1 indicating negligible MPN in all the links.

4.2 DSP-Enabled 100Gbps PAM4 VCSEL Links
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Data centers (DCs) are the fiprocessing
and computational resources to all users. Maintaining and increasing these services
requires power efficient optical links ranging from a few meters to ~2km with the mumbe
of connections scaling inversely with reach. Thus, the short reach interconnects within DCs
are highly constrained to be low cost as highly power efficient, while supporting increasing
data rates. Vertical cavity surface emitting laser (VCSEL) sour¢eg owiltimode fiber
(MMF) and direct photodetection have consistently provided advantages in short reach
links since these links offer excellent performance, low cost and high density and are power

efficient.

In this section we explore the challenges abdnefits of signal processing with
currently available optical technologies and demonstrate a path to deploying 100Gbps
VCSEL links [2] using a single VCSEL source over >100m of MMF while employing
direct detection. We achieve higher data rates by inagdlse baud rate as well as by
employing higher modulation formats [3] both enabled by signal processing that can be
implemented in current SICMOS technologies [4]. We demonstrate the benefits of near
Nyquist spectral occupancy and the decoding strategasred when employing these
pulse shapes. We show that 100G transmission using a single 25G VCSEL can be achieved
by employing the spectrally efficient RC pulse shaping aneé:pmeghasis at the transmitter
in conjunction with the widely employed Oeredeyr timing recovery and post
compensation using 7 FFE and 3 DFE taps at the recé¥eemvestigate the performance
advantages of pulse shaping in band limited links including a comparison of ISI penalties
for RC pulses and unshaped signals. We incluttailedions for noise enhancement due

to receiver equalization and transmitter-prephasis for both shaped and unshaped signals
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enabling a full assessment of PAMsignaling in bandwidth constrained VCSEL/MMF
links. We also demonstrate 107Gbps PAMignding at 85@Gimand 940nnthrough 105m

of OM5 MMF.

4.2.1 Pulse Shaping and Equalizer Noise Enhancement

Bandwidth limitations from components and fiber are a primary roadblock to

achieving higher baud rates. One way to overcome this limitation is to linfoatigwidth

by employing pulse shaping. However, pulse shaping comes at a cost of increased
processing requirements, especially with advanced multilevel formats. Alternatively, one
can use equalization to mitigate the ISI penalty. However, equalizatioduo#® noise
enhancement and an additional power penalty. Thus, it is important to optimize the trade
offs between pulse shaping, modulation format and equalization. We must first compute
the penalties ass@mted with these impairments [110, ]1idith the goal to obtain a limit

on the achievable performance, when using available VCSELSs, fibers and receivers.

We start with the measured combined optical transmitter, fiber and optical receiver
response 0 "Q. The MMF link, which is dominated by th&CSEL response, is shown to
be closely approximated by a third order Gaussian behavior, where the frequency response
of an nm" order Gaussian i& @5QQ . The steep roloff after 20GHz implies
significant challenges for equalization and motivatesuse of a pulse shaping technique
with a tighter rolloff than those conventionally used in MMF links. Hence, we investigate
the use of raised cosine (RC) pulse shaping. We employ RC pulse shaping, where the

frequency respons® "Q of the RC filter kas the conventional form:
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The ISI penalty is data rate dependent antlasratio of the eye height without I1SI to that
with ISI. It represents the extent to which the signal power would have to be increased in
order to compensate for the reduced noise margin, arising from an ISI induced closing o

the eye. The ISI penalty |83]:

0 pil €6— (4.4)

Details of the ISI implications and derivation can be found in section 2.5.2.

We also must consider equalization and the noise it enhances in the $tstem.
emphasis and posualization jointly compensate for the channel response for

frequencies up to some BWEQ due to hardware or SNR limigtiam we compensate

such thatO, Oy — for frequencies up to BWEQ.

Figure 4.5depicts the elements of our link and identifies the various noise

processes. The optical power penalty due to noise enhancement is the ratio of the noise

power before and adt receiver postqudization [83:

0Q¢ daowl I € - (4.5
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Fig. 4.5: Block diagram of the VCSEI-MMF link investigated.
identified at each element with tdeminant noise source in bold

Noise sources a

where,
O U 0 0 0 (4.9
O 0 0 0 0 4.7
where 0 and 0 are Power Spectral Densities (PSDs) of the RIN and DAC

guantization noise added at the transmittér, is the PSD of the ADC quantization

noise added at the receiver, while accounts for the all the thermal noise added by
the link 1own in Ag. 4.5 It should be noted that  is the PSD of the DAC quantization
noise after premphasisin our theoretical analysis, the digital receive filter is presumed
to have the same bandwidth limitation as the equalizer, i.e. BWEQ, andadoid-pass

filter shape. Hence the secaiedm in the numerator of Eq. (4.5 negligible More details

on the noise enhancement can be found in section 2.5.3.

We revisit he power penalty due to ISI and sensitivity degradation in our link at
various bi rates for the cases of the measured channel and RC pulse shaping without

equalization are shown in Fig.64same as Fig. 2.10Results are shown for the case of
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PAM-2 and PAM4 modulations. Finallyin Fig. 4.6, we also show the power penalty
owing to ISI and sensitivity degradation for the case of RC pulse shaping with equalization.
It can be seen that employing PAMrather than PAMR is justified forbit rates greater

than three times the channel bandwidth, when employing RC pulse shaping and
equalization. It can be seen from Fig6 that employing RC pulse shaping and PAM
modulation is justified for our 107Gbps equalized optical link, becaushititage/(link-
bandwidth) ratio is 107Gbps/28GHz=3.8. We emphasize that the results ir6feigpénd

on the following system parameters:

1. These results were computed using the experimentally measured channel response of
the optical link and hence the crasger points change if the channel were different. A
Gaussian channel rolls off much slower than the measured channel equivalent 3dB

bandwidth will exhibit a higher crossover point.
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2. The results in Fig. 2 are dependent on the equalization bandB\dit

3. Finally, the cross over points are also dependent on the implementation penalties,
which are typically higher for PAM than for PAM2. For example, brick wall filters
are not realizable and we have neglected VCSEL naities. For our channel at
107Gbps(i.e. bitrate/(linkbandwidth)=3.8) our experiments resulted in a closed eye
for PAM-2-RC modulation, while the eye was open for PANRC. We also obtained

a closed eye for PAM-unshaped modulation.

The results shown in Fig..8lassume ideal sampling at the center of the eye.

Typically, the advantage of a lower ISI with RC pulse shaping comes at the cost of having

1 L} 1 1] L T T 1
Received UnS pulse

08F Il — =Received RC pulse | |

Amplitude

1 'l L L L

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Time in symbol durations

Fig. 4.7: Received pulsshapes at bitrate/(linkandwidth) = 4.
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to employ more sophisticated timing recoveryagithms, because the width of the eye for

raised cosine pulse shaping is narrower than that for unshaped waveforms.

When thelink is significantly bandwidth constrained, unshaped pulses suffer
greater ISI then RC pulses due to their higher spectral occupancy. Hence, unshaped pulses
lose the advantage ah initially wider pulse. Fig. 4.8hows an isolated received pulse
(simulated) for unshaped and RC pulse shaping in an equalized channel, when the bitrate
is 4 times the bandwidth. It can be sé&m Fig. 4.7that the drop in pulsemplitude due
to the bandlimited channel is comparable for the case of unshaped pulsasR@gulse
shaping, thereby resulting in an eye having a similar width. The width of the eye for the
case of unshaped pulses is significantly reduced at this higher bitrate, because the

bandlimited nature of the link severely distorts the pulses ancetatved pulses are no

BER

10 F —8—PAM-4 RC 0.1
—9—PAM-4 UnS

25 30 35 40 45 50 55 60
BaudRate (in GBaud)

Fig. 4.8: Experimental PAM BER for UnS and RC 0.1 pulse shapes with the sagpe
swing (0.7V) and optical power (1.5dBm).
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longer rectangular siped, as can be seen from Fig.. H4@énce a migration to RC pulse

shaping is justified.

We experimentally compare unshaped to a RC pulse shapeaolibff factor of
0.1, Fig. 4.8 Using the same voltage swiagd maintaining the same output power, we
are able to directly assess the performance degradation of a RC pulse shape. Ideally, the
RC pulse shape with a raiiff factor of 0.1 should extend the baud rate from 30GBaud
unshaped pulses to ~54Gbaud 0.1 RCheuit any performance degradation [11As
expected, we experimentally measure minimal Biggradation when moving to RC.
Thus, we can conclude that the implementation penalty of RC compared to unshaped pulses

is nearly the same and that the sample jittd®C is negligible.

4.2.2 Experimental Setup

1248 70G probe
Linear AMP .o 1o J’
MB196A Keysight 92 GSa/s |‘> .
AWG
I T T ? ‘\Lenm!
i 3in. RF VCSEL Fiber
: Head 1 cable
elocky_
I
1
_______________ |
1 I !
Lensed fiber .
I : }— 63G Infinlum
5m OM4 - , ;
Fiber VOA i
: “ }—ﬂ Dual-Head
T DCA T0G
L E bk m @—Jl V
P ' "\ Head2
T s i ]

Test Fiber Insertion
Fig. 4.9: Experimental Setup for PAMIink.
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As shown in Fig. 4.9the experimental setup we employed included the electrical
transmitter, optical transmitter, the optical channel, opteegiver and finallyhe offline

electrical receiver.

4.2.3 Electrical Transmitter

The 107Gbps electrical PAM signal was generated using the Keysight M8196A
Arbitrary Waveform Generator (AWG) having 32 GHZ of bandwidth. Unlike the
conventional rectangular pulse shape of unshaped (UnS) signaling, we employ the

spectrally efficient raised cosine (RC) pulse shape.

In our experiments, we used rolif factor of 0.1 for the backo-back (BTB) and
with fiber scenarios. As seen from the@ayed data rate, an overhead of 7 percent was
considered in order to account for the deployment of a low latency-Redethon FEC
[10]. The FEC technique we employed had an uncorrected bit error rate (BER) threshold
oft® p 1 inordertoachieveapdSECBER p p 1 .Inadditionto generating
the electrical signal the AWG also performed the DSP technique -@hppbasis. This
involved the AWG relying on a calibration software for measuring the overall channel
response from the AWG to the optical ea@r, where this channel response was then
partially compensated by the AWG. The adaptive filter at the receivecpogiensated
for the residual channel response. The joint compensation of the channel response through

preemphases and post compensati@s primarily gain boosting of less than 10dB at the
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Nyquist frequency and they can be implemented usingctawplexity, lowcost amalog
FIR and IIR filters. Fig. 4.1@emonstrates how pemphasis helps overcome channel
distortions and hence opens the eye, the filter shape is described in Section 1V of this paper

(Fig. 11).

There are multiple chipsets currentlyadable for 28Gbaud PAM from Inphi and
Avago with the experimental setup, Fig. 4s8milar to hat of the Inphi architecture [1]L.2
These products are full transceivers with PANMhapping and a premphasis FIR filter at
the Tx while having a continuous time filter, ADC and equalizer at the Rx. These chipsets
support 56Gbps PAM sufficient for the overhead of FEC. In order to achi86Gbaud

PAM-4 with pulse shaping, a doubling in throughput and an additional filter for RC pulse

4 Pre-emphasized
Transmitted Signal

i Received Signal
1 without Equalization
| (inverted)

Fig. 4.10: Transmitted distorted signal captured with sampling scope and optical re
eye (inverted) at 107 Gbps after 105m OM4 fiber.

shaping are required. However, the general architecture is unchanged and therefore the
complexity and cost to move to 100Gbps would not be significantgbiegi an analog
FIR filter to implement RC pulse shaping is not a sophisticated task. Due to the symmetry

as well as regular zero crossings of RC pulses, olynénrzero unique tap weights are
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needed to create an effective T/2 spaced filter, and tt@s\fibuld have better performance

than the DAC used in the experiment. Generally, it is preferable to deploy the most efficient
link possible for a given application. And, some applications will benefit from maintaining
the native 100G data systems usinglag PAM2. However, historically higher data rates

per laser source always become dominant technology. As an estimate on availability, the
bandwidth of PAM4 electronics has increased from approximately 10Gbps in 2010 to
56Gbps in 2015. Thus PAM chipseés with sufficient througiput should be available in
commercial chipsets in the next few years and as SICMOS chipsets become available for

PAM-4 over a wide range of media, costs will not be a signifitszsoie.

4.2.4 Optical Transmitter

The optical trammitter converted the electrical signal to gtical signal. As seen
in Fig. 4.9 the electrical signal after pemphasis was amplified using7f@GHz linear
SHF 827 amplifier. The amplified signal wdsen employed in directly modulating an
unpackaged VCBL viaa 3in cable, 40GHz biaee, and 40GHz prob&he VCSELSs were
biased in the nedinear region of its LI-V transfer characteristic. The amplification of the
modulating signal allowed the AWG to spend most of its resources a@anasis rather
than on generating a high power output signal. The VCSELS used in our experiment were
commercially designed for 25Gbps operation. Additionally, they litNaf ~142dB/Hz
[11, 12]. Two important impairments imposed by the VCSELSs include the nonlinear nature
of its electrical to optical conversion as well as its limited modulation bandwidth. The
optical power levels for PAM 4 modulation were optimized for minimizing this
nonlinearity. Employing premphasis and pesbmpensation helped relax the bandwidth

corstrained imposed by these VCSELSs. Finally, the employment of spectrally efficient
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raised cosine pulse shaping in the electrical transmitter helped achieve maximum data rate
for the available bandwidth. The VCSELSs were biased at 13.5 mA (for 850nm) antA14.4

(for 940nm), yielding RMS spectral widths of ~0.49nm and ~0.54nm at 850nm and 940nm,
respectively. Both VCSELSs yielded >3dBm fiber coupled power with no thermoelectric

cooler.

4.2.5 Fiber and Optical Receiver

In this study we first employed 105m of OM4 fiber from OFS in conjunction with
an 850nm Finisar VCSEL and then employed 105m of OMS5 fiber from OFS in conjunction
with both 850nm and 940nm Finisar VCSELs. The major impairments imposed by the
fiber include nodal dispersion and chromatic disperdith3]. Additionally, dispersion in
the fiber results in the generation of mode partition noise (MPN) and enhancement of RIN
[113]. The effective modal bandwidths (EMBc) of the OM4 fiber and Qe 6GHz
km an d GB2Akm, respectively [10B The optical receiver consisted of an Enablence p
i-n photodiode followed by a low noise Inphi Trans Impedance Amplifier (TIA) having
bandwidth >43GHz. The photodiode had a responsivity of 0.3 and 0.33 at 850 and 940
with coupling. The twin outputs of the TIA wereaptured by both sampling scope (DCA
81600D) and a reatime scope (DSAX 96204Q) The bandwidth of the entire BTdptical
link was measured to be ~2Ha with the 850nm VCSEL and ~&Mz with the 940nm
VCSEL. The bandwidth dropped t20GHz at 850nm when 105m of fiber was employed.
The overall bandwidth of the optical receiver was 28GHz and the thermal noise added was
2.1mV RMS.The sampling scopeas used to obsenthe received eyegrior to offline

DSP, whilethe realtime scope recordettie waveform for offline equalization.
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4.2.6 Electrical Receiver

The realtime scope sampled the received signal at 160GSa/s. Wedoma was
saved and employed as the input for the offline electrical receiver, where this receiver
performed offline equaation and demodulation. Fig. 4.sfhows the various offline DSP
steps.The use of RC pulse shaping for spectral efficiency, instéatie conventional
rectangular pulses, necessitates the use of an advanced timing recovery scheme, namely
the OederMeyr algorithm[114]. This compensates for fractional baud rate errors that rise
from imperfect clocks in the digitdab-analog and anadpto-digital converters. As shown

in Fig. 9 the signal wasesampled andhen lowpass filtered for SNR maximization

o c b
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Fig. 4.11: Receiver Architecture

through suppression of oeof-band noise. The ISI imposed by theesidual channel
response after premphasiss overcome using equalization. Static equalization techniques
can optimize the link for a specific application, while reducing its adaptability to multiple
or dynamic link conditions. Hence, we choose to employ adaptive equalization techniques
relying on a training sequence. ldentification of the start of the training sequence
(synchronization) within the output of the receive filter is achieved through a- cross
correlation test between the transmitted training sequence and the received signal
waveform, ashown inFig. 4.11 The equalization algorithm itself relies on the availability

on one sample per symbol. Hence, the synchronized received signal is thesasoped
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to one sample per symbol. After artensive study of various methods, we zeroed ia on
digital feedback equalizer (DFE) filter having 3 backward taps and 7 forward taps, because
it struck the optimum tradeoff between implementation complexity and BER performance.
The DFE filter coefficients are adaptively determined using the {MeatrSquare (LMS)
algorithm with a step se of 0.0004. As shown in Fig. 4,1the equalized output is then
passed through a slicer for calculation of symbol error rate. The use of gray coding ensures

that the BER of the signal is approximately 0.5 times the symoor rate.

4.2.7 Experimental Results

We first evaluated the system performance at 850nm for 105m of both standard
OM4 fiber and WBF. These fibers had an egempensated alpha pile, which reduces
the group delay of the higher order fiber modes compared to the lower order fiber modes
at a single wavelength. The higher order VCSEL modes having higher wavelengths couple
into higher order fiber modes having a lower group delay. ,Thusdal dispersion

compensates chromatic dispersion (CD), thereby reducing the effect afriilv@nced RIN

Fig. 4.12:Received unequalized eye at 850nm through 105m of.OM4
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and MPN [1B]. Fig. 4.12shows the received eye prior to equalization where a minor eye
skew of ~0.05 Ul can be seen, where this skew can be &tlibnVCSEL nonlinearities.

While this skew can be mitigated through additional signal processing, we avoided
correcting it because the penalty was negligible enough to ensure that the BER was below

the required threshalvalue. Fig. 4.13hows the spectrum of equalization filters in the case

15 T T T T T
—Pre-emphasis Filter Response

---Adaptive Filter Response

Magnitude (dB)
o 3

o

0 5 10 15 20 25
Frequency (GHz)
Fig. 4.13:Frequency response of tpeeemphasis filter in the transmitter and adapt

equalizer filter in the receiver.
of 105m of OM4 fiber and an 850nm VCSEL. The Keysight AWG implements pre

emphasis of the signal to compensate for the estimated channel response evaluated by the
AWG calibration software. The adaptive filter at the receiver compensates the remaining
channel distortions. In this case, the AWG and adaptive filter provide similar
compensation, and thus can each be implemented with digital or analog filters of similar

complexity.

Fig. 4.14compares the BER of three scenarios for the 850nm VCSEL, namely the
BTB scenario, 100m OM4 fiber scenario, and 100m wideband fiberrszelhaan be seen

from Fig. 4.14that the FEC limit was readily achieved in all cases. The steepffaf
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Fig. 4.14: 100Gbps PAM BER performance at 850 nm and 940nm.

thel i nkds bandwi dt h and smaphasisfartcompemsatiohoéthh e T I
channel response challenging. An additional 2.5dB attenuation was required for adequate
compensation. However, comparing the BER performances of the BTB and fiber scenarios

in Fig. 4.14 it can be said that there remains an uncompensated residual &8y mén
approximately 1.3@. It can be stated from Fig. 4.1that within the margins of
experimental error both OM4 and WBF provide similar performance, where this provides
motivation for a migration from OM4 to WB, which can support higher frequencies in
addition to 850nm. Thus, we then compared the system performance at 850nm and 940nm,

when using WBF-.

Fig. 4.15compares th eye diagrams at 850nm and 840 when employin§VBF.
It canbe seen from Fig. 4.1that unlike at 850m, the eye skews much less pronounced
at 940hm, despite using similar voltage swings. This may be attributed to damping

differences between the VCSEL caviti€sg. 4.14alsoshows the BER performance at
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ul
Fig. 4.15:Received unequalized eyes at (a) 940nm and @)r85or OMS5.

940nm for both B2B and WBF scenarios and comparesthie results obtained at 840.

It can be seen frorkig. 10that there is adB and 6dB penalty from the thermal limit
Within these penalties, 2.29dB is associated with noise enhancdroentreceiver
equalization, which was calculated from Eqg. (1) based off the recetyealization
response in Fig. 4.13Approximately 0.6dB is associated with the RIN of the VCSEL,
calculated from the measured average RIN of the VCSEL2(IB/Hz) and pameters of
the link using our PAMA4 analytic model mentioned in [1]L5Another 0.3dB penalty is
associated with the ISI penalty at this particular bitrateAtiakdwidth) (3.8), which is
calculated from Eq. (7) and shown in Fig6.4Additional penaltiexould be a result of
nonlinearities in the PAMI eyes, both timing and amplitude, which can be oeskin

both Fig. 4.12 and Fig. 4.15

4.3 Error -Free 100Gbps PAM4

New generatioW CSELs have been shown to have low relative intensity and mode

partition noise (RIN and MPN) penaltiésection 3.1) demonstrating that data rates are
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limited by bandwidth issues dte transmitter and/or receivétxperimental efforts with
PAM-2 VCSEL links have reached 57Gbps etfree with no equalization and 71Gbps
over 3m erroffree with transmitter equalizatigd16, 117. Additionally, several research
groups have achieved 100Gbps and beyond using more eompldulation formats and
FEC with transmitter and receiver equalizafibhg. Although PAM4 may enable higher

data rates and longer readilg, PAM-4 is generally less power efficient and requires
more complex coding and decoding. Solutions that regeEC also add considerable
latency and are not considered to be an option for high performance computing
applications. Therefore, different VCSEL MMF links, with varying complexity and
features (modulation format, equalization format, and forward earoection) need to be

studied.

In this sectionwe demonstrate greater than 100Gbps PA&trorfree signaling
over 100m of SWDM capable fibdraserWave-LEX WideBand Multimode Fibgrl03
(OMb5). Equalization is implemented exclusively at the transmittepraemphasis. We
study the maximum achievable error free (BER¥) (lata rates for both PAM and
PAM-4. Additionally, we investigate the benefits of pulse shaping within the band limited
VCSEL links. Furthermore, we study four sets of three VCSEL4$) aaich set having a
di fferent aperture diameter of 5. 1¢&m, 7.

each VCSEL, modulation format, and pulse shape are compared.

4.3.1 Experimental Setup

The VCSELs in this study weré’generation higispeed VCSEL&om Chalmers

University. The oxideconfined 850 nm VCSELSs were designed for kigleed modulation

10C



using strained InGaAs quantum wells, a short optical cavity, and multiple oxide apertures
[119. The reflectivity of the top mirror was adjusted in a gastrication process for the
VCSELs to have a flat and higlandwidth modulation responde(q. The VCSELs were
driven by a 92GSa/s Arbitrary Waveform Generator (AWG) with 32GHz of analog
bandwidth (Keysight Technologies M8196). Each VCSEL is capable of H20G
bandwidth. A peako-peak voltage swing of 900mV was used to drive each VCSEL for
all reported data. Details of the experiment are similar to our previous[h@Bkwith a

few alterations. In the case of the shaped pulses, adiomain raised cosindRC) filter

with 0.3 roltoff factor is used. The optical signal was muxed and demuxed into and out of
the WBF to @monstrate SWDM compatibilityThe HubefSuhner Cube Optics
Mux/Demux added an additional 2.7dB loss. Lastly, all BER measurements were done
with an SHF 11100 A. In the case of PAMthe error rate is evaluated by measuring the
symbol error rate of each eye at identical sampling points, and then summing half the

individual eye error ratg401], this is described in detail in section 2.4.4

432 PAM2

To quantify the tradeoffs between PAMand PAM4 we compare the performance
of both formats over a wide range of bitrates. We first determine the receiver thermal noise
limit for PAM-2 including extinction ratio (ER), the responsivity of the toldode

(including coupling loss), and the thermal noise at the output of the receiver. This
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represents the best case BER if the modulated optical signal were free of impairments; IS,

RIN, jitter, or MPN.

Unshaped (UnSpulses are tested with PARImodulation. Unshaped pulses are

Table 4.1:Maximum achievable error free datges over 100rMIMF using PAM2.

Max Data Rate (Gbps)
VACpSe'f'- UnS PAM-2 RC PAM-2
: VCSEL # VCSEL #
(em)

1 | 2 | 3 1 2 | 3
51 58 | 58 | 58 | 62 | 60 | 58
73 64 | 62 | 60 | 68 | 68 | 68
9.2 62 | 62 | 60 | 68 | 66 | 68
112 | 60 | 58 | 60 | 68 | 68 | 68

Table 4.2RIN and Enlanced RIN for all testedCSELs

RIN Enhanced RIN
VACSEL (-dB/Hz) (-dB/HzZ)
Per. VCSEL # VCSEL #
(em)

1 2 3 1 2 3

5.1 153 | 155 | 155 | 151 | 152 | 152
7.3 151 | 150 | 152 | 150 | 149 | 150
9.2 147 | 149 | 148 | 144 | 146 | 146
11.2 145 | 146 | 146 | 141 | 143 | 142

limited only by the bandwidth of the electrical AWG and the intrinsic bandwidth of the
equalized link. The maximum achievable data rate through 100m of MMF is 64Gbps, the

minimum is 58 Table 4.1 The results were consistent for the 3 VCSELs of each set.

When applying RC pulse shaping an increase of the data rate is observed. The larger
aperture VCSELSs show a larger increase likely due to the larger extinction ratio capability
resulting fromthei | ar ger sl ope efficiency. The 5egm

while the other VCSELs had an ER of ~8dB.
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All VCSELs have less thafi41dB/Hz enhanced RIN (RIN value after 100m of

fiber). The smaller aperture VCSELSs produce a smaller RIN and thusdss/enhanced

RIN compareda the larger apertures, Table. 4.2 The 5,

biased near 4, 8, 13, and 20mA, respectively.

7,

9,

and

11c¢

Figure 4.1@lepicts the BER vs received power for the 9mm VCSEL. The behavior,

and that of each of the other VCSELSs, is free of any noise floor and demonstrates a penalty

dominated by ISI compared to the besse thermal limited result.
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Fig. 4.16:BER vs. received power for PAI for various bit rates on an equalized
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Using our analytic link model based off the IEEE spreadsheet model, we determine
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10dB, is a combination of residual ISI from bandwidth limitation and aliasing as the data

rates reach >46Gbps. The difference in noise and extinction ratio between each VCSEL

aperture has a minor effect.

4.3.3 PAM-4
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Table 4.3: Maximum Data Rates for PAM

Max Data Rate (Gbps)
VACSE'- UnS PAM-4 RC PAM-4
Per. VCSEL # VCSEL #
(em)
1] 2 | 3 1 2 3
5.1 84 | 80 | 82 | 96 88 92
7.3 90 | 88 | 90 | 110 | 102 | 104
9.2 88 | 84 | 86 | 104 | 102 | 100
11.2 84 | 86 | 82 | 92 98 | 100

PAM-4 offers the lowest implementation complexity for all formats with 2
bits/symbol with transceivers alreadgmmercially available for up to 50Gbfs Similar
to the PAM2 setup, we determine the receiver thermal noise limit for PlAlVhe addition
of two more amplitude levels results in a sensitivity penalty of dB compared tc RAM
PAM-4 benefits from a largéR, low RIN and may be the format of choice with strongly
band limited channels. Furthermore, the addition of two more amplitude levels also

increases the link sensitivity to noise.

T T T T
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Received Power (dBm)
Fig. 4.17:BER vs. received power for PAM! for various bit rates on an equalized 10l
OM5channel using RC pulses with a 9¢rnm

PAM-4 modulation was evaluated with both UnS and RC pulses. The same bias

points were used in the PAKI and PAM2 experiments. For PAM , the 7 and
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Fig. 4.18: Erroffree eye diagrams: (a) PARIUNS 60Gbps, (b) PAR RC 68Gbps, (c)
PAM-4 UnS 90Gbps, (d) PAM RC 100Gbps, (e) PAM RC 110Gbps

VCSELs perform best due ther high ER and low RIN. Figure 4.1shows the BER vs.

received power and depicts ISI donted performance up to 94Gbps. The 100Gps results
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Fig. 4.19:Received power (BER 16) vs. bit rate for PAM2 and PAM4 using both UnS
and RC pulses on an equalized channel with aperturesine 7( a ) , (ba Blatk,
red and blue represent VCSEL 1, 2, and 3, respectively. The green and purple line
the bit rate trends for their respective shaping and modulation fothdata is through
100m OMb5with ER of ~8dB
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reveal some indication of a noise floor. Erfare eye diagrams comparing PAMand

PAM-4 are displayed in Figure 4.18

Figure 419 compares the power penalty of both PAN&and PAM4 for the Em
(4a) and 9m (4b) apertures. The results from all VCSELs are depicted demonstrating
excellent uniformity among similar VCSELs. PARIoutperforms PAMA for bitrates
<50Gbps (UnS) and <60Gbps (RC). The crossing of the similar colored trend lines
identifies where PAM4 begins to outperform PAN. Using UnS pulses with PAM,
data rates of 90Gbps were achievable, Tdt3ePulse shaping with the RC filter yields
substantial benefits for PAM increasing data rates ~20Gbps up to 110Gbps. Shaping
provides ~20% bitrate imease for both PAM and Pamd. From the increasing power
penalties at high bitrates shown in Figl9we see that even modest increases in
component bandwidths will provide significant margin increases further enabling error

free 100Gbps VCSELMMF links.

4.4 Power Efficient Modulation Formats for Error -Free VCSEL MMF Links

Power efficient VCSEL based optical links are essential for data centers and high
performance computing centers since data center capacity growth is limited by power
considerations Cuent IEEE standards 802.3bm and 802.3cd define 10Gbps, 25Gbps and
50Gbps core rates for current 100Gbps modules and future 400Gbps solutions. Currently
VCSEL links are mainly used for server to top of rack (TOR) connections, but could evolve
into a highedata rate substitute for passive copper cable, server to middle of rack (MOR)
solutions at 30n{121], or even low power >1km inter data center connect[d2s).

Regardless, as bandwidth capacity requirements grow and server switch radix increase

10¢



from 128 to 256, the demand for low power high speed links will increase. Thus, using as
many VCSEL links as possible will keep data center costs and power consurhption t
lowest[123. Since VCSEL links are primarily bandlimited by the laser, increases in data
rates are directly coupled with advances in VCSEL bandwidth, which have increased from
18GHz to 30GHz over the last decade. The economics of short reach limglystimit

the complexity of any signal processing used to enhance capacity Furthermore, FEC adds
latency and increase power requirements and should be minimized or avoided. Thus PAM

4, electrical duobinary124], and efficient channel equalization havehévestigated.

In this section, we quantify the effectiveness, from a received power perspective,
of PAM-2, PAM4, and duobinary at 25Gbps, 50Gbps and 100Gbps. Equalization
strategies include only transmitter based-gmghasis. We exclude FEC and there
focus on erroiffree performance. We quantify the power penalty versus data rate and reach
for each modulation format and identify an optimum data format based on the required

bitrate and available intrinsic channel bandwidth.

4.4.1 Modulation Formats

PAM-4 was introduced to increase the bitrate in bandlimited channels at the cost of
an increase in required optical power received. When thermal noise is dominant, the optical
received power penalty for using -Mvel PAM compared to PAM increases by
pii C O p,atthe same symbol rate, where M is the number of PAM levels.-PAM
2 and PAM4 are both implementable with low complexity, requiring one and four
electronic operations per bit at the transmitter, respectively.-BAdvhot as attractive due

to its more complex implementation. In contrast, duobinary is a low complexity signaling



Table 4.4 Complexity and Power Penalty for Modulation Formats

Modulation Operations Received
Format per bit Power
(Includes EQ.) Penalty
PAM-2 21 0
Duobinary 23 3dB
PAM-4 24 4.77dB

solution that provides an increase in bitrate while reducing the received power penalty
compared to PAML. Furthermore, duobinary has the same horizontal eye opening as
PAM-2 for equivalent symbol rates and increases the bitraté by p rather than |

of PAM signals. Table 4.4ists the number of electronic operations per bit of RAM
PAM-4, and duobinary (including equalization provided by the DAC) as well as the
calculated optical received power penalty at the receiver. Note that all three modulation
formats have similar tresmitter complexity. Thus, all three formats could be used with
similar transmitter power requirements. The experimental setup was similar to that listed

in section 4.3.1.
4.4.2 Experimental Results

The sensitivity of the three modulation formats were evaluated for bit rates from
24Gbps to maximum errdree bit rate achievable through 100m of OFS OMS5 fiber. The
rise and fall time of the electrical drive signal is limited by the DAC analog bandwidth.
Figure 4.2Gshows the received power required for each format versus bit rate at 8mA bias.
For bit rates <45Gbps the better receiver sensitivity of PAMakes it the most power
efficient format. As the bit rate increases, PRMand PAM4 reach the samefifiency
near 50Gbps after 100m of fiber. Duobinary is the most efficient modulation format

between 48Gbps and 68Gbps. At 50Gbps, duobinary is ~2dB more power efficient than
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Fig. 4.20:Received power (dBmjt 10'2 BER for various bit rates on an edizad

channel with a 7egm VCSEL. Al dat a i

-
o
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-
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either PAM2 or PAM4, making it an excellent solution for reducing the power required
for a 50G link. At 100m; power efficiency can be increased by lowering the DC bias of the
VCSEL or decreasing the electrical drive swing (optical ER). If the ER isdaogstant,

the DC bias of the VCSEL can be lowered from 8mA to 5.5mA reducing the power by
2.21dB, Fig. 4.20For a constant DC bias, the electrical drive swing voltage reduces
significantly as tk required ER decreases, Table.4A% an ER of 4dB, the valge
reduction is a substantial 5.28dB. For data rates >85Gbpsfezeolinks are no longer
possible with just transmitter equalization. However, with additional filtering in the form
of pulse shaping, VCSEL links can reach beyond 100Gbps using adPAtdulation. In

theory, duobinary should also be able to reach the same rates. However, duobinary

Table. 4.5Drive swing power required for a given ER

. Electrical
Ext!nctlon Drive
Ratio (ER) Vo Pd B
4dB 0.173 -5.28
5dB 0.212 -3.51
6dB 0.256 -1.88
7dB 0.318 0




signaling at 100Gbps requires 100GSa/s to properly implement. This further complicates

the transmitter and is beyond the capabilities of the DAC used here.

With the mostpower efficient 25Gbps, 50Gbps and 100Gbps drem VCSEL
links established, we next quantify the maximum fiber reach. For 25Gbps, all formats are
able to achiee 500m reach errdree, Fig. 4.24. Even though PAR2 has the smallest

sensitivity penaltyall formats require nearly identical received power at longer reach. This

4 T T T T T T T T T

(a)

Received Power (dBm) at BER 1072
N

—25Gbps PAM-2]]

—25Gbps DuoB

. ‘ | | . . | - 25Gbps PAM-4

50 100 150 200 250 300 350 400 450 500
Fiber Length (m)

4 T T T T T T T T

-10

—50Gbps PAM-2
—50Gbps DuoB
- 50Gbps PAM-4

Received Power (dBm) at BER 1072

—100Gbps PAM-4 RC

50 100 150 200 250 300 350 400 450 500
Fiber Length (m)

Fig. 4.21:Received power (dBmat 102 BER for various fiber lengths on an equaliz
channel with a 7&m VCSHAM4 amdduokindriat Z5REbp:
(b) PAM-2, PAM-4, and duobinary at 50 Gbps and PAMRC at 100Gbps.
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results from the increasing effects of dispersion and muaadiwidth resulting in an ISI
penalty which dominates at long reach for 25Gbps links. For 50Gbps links the bandwidth
limitations result in a back to back performance with only a 2dB benefit for-PAMus

the effects of dispersion and modal bandwidth which are also enhanced at higher data rates
results in PAM2 and PAM4 requiring equal receed optical power at 225m, Fig24b.

The errorfree reach is 250m and 300m, respectively. In contrast, the correlative coding
intrinsic to duobinary results in a lower bandwidth requirement for the same bit rate and
thus duobinary is able to reach 400m efree. This clearly demonstest deployment
opportunities for duobinary. Most importantly, these results demonstrate that 25Gbps and
50Gbps VCSEL MMF links are suitable for miange up to 500m links and are thus

appropriate for most intra data center links.

We further evaluated each fortria determine suitability for 100Gbps links. Only
PAM-4 with raised cosine pulse shaping at the transmitter was able to achievieeerror

performance. The maximum 100Gbps reach is 150m and is thus appropriate for a large
500 :

N
o
o

Duobinary

Fiber Length (m)

100

0 0.5 1 1.5 2 25 3 35
Bitrate/Bandwidth

Fig. 4.22:Best modulation format for an errdree link from 0 to 500m at a give
Bitrate/Bandwidth based on power efficiency. The dashed lines represent the ma
error-free reach for each format at the corresponding bitrate/bandwidth.
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number DC links since many caltdmgths in data centers are 30m or less and would benefit

from a powerefficient 200Gbps solution.

As noted, the VCSEIbandwidth dominates link bandwidths and hence modest
improvements in VCSELs will provide a commensurate increase in in performance.
Furthermore, there is a tradeoff between equalization complexity and power requirements.
Hence, it is useful to examine format performance from the perspective of the required
bitrate and available channel bandwidth. Specifically, the link characteristic ibfisrtae
ratio of bitrate to equaded channel bandwidth. Figure 4.2picts the fiber reach
achievable with the lowest received optical power for each format for each normalized
bitrate. There is a clear best format for each normalized bit rate aedgleelarge bitrate
range where duobinary provides an advantage over-RAvid PAM4. Note that when
the fiber reach increases, the transition between optimum formats is dependent on the
normalized bit rate due to residual ISl resulting from fiber dispersmportantly, while
these results correspond to a specific set of VCSELSs, and fiber, the behavior is general for

different MMF fiber and multimode VCSELSs.
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CHAPTER 5.

SHORTWAVE DIVISION MULTIPLEXING (SWDM)

IEEE standard 8Q3bm and the futur802.3cmstandard define 1BbpsPAM-2,
25GbpsPAM-2 and 5GbpsPAM-4 core rates for current 1Gbps and future 20Gbps
and 40@Gbpsmodules. Hence, a 4@bpslink requires 8 fibers per direction. Scaling
VCSEL links to >40Gbpswill require faster line ratewith higher modulation formats
and wavedivision multiplexing. PAM4 [125 and short wave divisiomultiplexing
(SWDM) over OM5 [12are both currently being standardized in the IEEE 802.3 Ethernet

Working Group 127.

Faster data rates may be feasiblewever the bandwidth limits of VCSEL MMF
links would require complex receiver DSP and FEC schemes that add latency. Therefore,
scaling by wavelength multiplexingill be a morecost effectivesolution. It has been
shown that 100Gbps PAM is feasiblein the previous ChapteHowever, the contumal
growth of data centers willdemand higher capacity short reach solutidios
800GbE/1.6TbEsolutions Thus,capacity will need to scale tnore wavelengthto meet

this demand.

In this Chapter, we investigatbet ability to wave division multiplex 4 different
wavelengths operating at 100Gbps over 100m OM5 fiber.further increase fiber
capacity,we investigate the upper wavelength limit\WWESEL technology at 1060nm
Lastly, we compare the improvement of diffet equalization strategies at the transmitter

and receiver
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51 48 xGbdsVOSEL PAM -4 Transmission over Wideland MMF

Short reach optical interconnects, here defined to have reach <500m, are dominated
by intensitymodulated VCSELSs witlirectdetection over MMF due to low power per bit,
lower cost and high density. Serial SWDM@&fpslinks havebeen demonstrated using
PAM-2 [117. In the case of PAM, 107m850nm VCSEL links have been reported with
BER <10'?to 60Gbps[128§]. For PAM-4, data rates of 1X&@bps[129] and 10Gbpshave
been demonstrated to 100m, but require forward -@omection (FEC) to achieve BER
<102, In this manuscript we use the term PAMo be consistent with PAM in place of

the more commoNRZ or more preciseibary-NRZ.

The primary link limitation is the channel bandwidth, owing to limited VCSEL
bandwidth. Higher line rates therefore require both channel equalization and efficient
bandwidth usagd&.herefore, exploring differesignaling strategies within an M link;

i) channel equalization, ii) pulse shaping and iii) and modulation formgtgprovide

insight into further increasing data ratédany VCSELMMF links now include some
equalization [128, 179which enables bandlimited pulse shaping like raseine (RC),
while maintaining low complexity. Weelievethat this, togethewith SWDM, enables

scaling to 40Gbpsand beyond.

In this section, w demonstrate 100Gbps PAMtransmission below the FEC
threshold using 850nm, 880nm, 910nm, and 940nm VCSk&sIO0m wideband MMF
(OM5). Through advancements in both VCSELs and photoreceivers, we sli@mp$H0

PAM-2 and 10Gbps PAM-4 are achievable with next generation technology. These
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results demonstrate a feasible path to 400GbE single MMF solutMesolor code the

850nm, 880nm, 910nm, and 940nm wavelengths blue, green, gold, and red, respectively

5.11 Transmitter Equalization and Pulse Shaping

Modern VCSEL drive circuits now include a mttitip analog FIR filter and a
wideband line driver. We exame a number of transmitter filtering strategies to assess the
impact on link performance. One method is to simply equalize the channel response where
the equalization is limited by the filter complexity and added noise considerations. The
channel here inades the line driver, amplifier, and everything to, and including, the
receiver TIA. A second filtering option allows for deliberate shaping of the electrical drive
signal to produce a near Nyquist pulse and thereby reduce ISI. We note that both techniques
reduce ISI by improving the received signal spectra and will therefore have similar effects
when implemented separately. However, pulse shaping generally requires stricter spectral

control and is therefore more complex to implement.

The observed channedsponse exhibits a@order Gaussian frequency response
with a 3dB frequency of <20GHaNith equalization we extend this to ~27GHz although
the channel response above 30GHz is negligible. We specifically limited the equalization
to <10dB gain so that tHdter can be implemented with a relatively simple FIR structure

or a passive analog filter.

The reference case, which we call unshaped (UnS), relies on the DAC to create the
drive signal by holding the symbol value constant over all samples within theokym

period. The risdall times of the drive signal is strictly limited bihe DAC analog
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bandwidth The signal is further truncated by the channel response. Since this channel

frequency response is fixed, it impacts the performance differently at diffexad rates.

Actively shaping the pulse allows a reduction of the ISI. We implemented an

electrical drive with a RC frequency response:

~

v Y $Q -
© 0 o Al6sm — F— 53 — 6.1
Vs mh €N 0VQI Q

wher e b -offsfactor lchoserr to bel a readily achievable 0.1. The filter used to
approxi mate the RC spectral shape was | i mi
SiGe BiCMOS process provides the gain and bandwidth necessary to create tagse 11
analog FIR filters fo'50GBd waveforms13(. The RC spectra for a 50GBd signal is
compared to the UnS spectra and the equalized channel response in Fig. 4. We emphasize
that these drive signals are clearly sufficient for 25GBd signaling. The RC signal is
optimized for the avadlble channel bandwidth limited by the VCSEL bandwidth and
therefore represents the optimum signaling for higher baud rates. We examine 4 filtering
strategies; with and without channel equalization and with and without pulse shaping. All

four of these arenvestigated using PAM and PAM4 formats.

512 PAM2(NRZ)

To understand the tradeoffs and benefits of pulse shaping and equalization, we first
experimentally determine the PARIBER performance for a wide range of baud rates. As
reference we identify the thermal noise limited performance for a receiver with 29GHz

bandwidth. This represents the best case BER without intersymbol interference (I1S1), RIN,
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jitter, or mode partition noise (MPN) impairments.

The equalized channel with UnS pulses supports-&neerperformance to 43bps
using PAM2 for al 4 VCSEL wavelegths, Fig. 5. llimited by available received power.
Baud rates below IBbpsexhibited performance near the thermal limit. The BER behavior
also shows all VCSELs have nearly identical performance with no sign of a noise floor and
a near uniform power pelty consistent with an ISI dominant penalty.

RC pulse shaping, Fig. 5.kystematically improves performance; the power
penalty is decreased for all bitrates compared to the unshaped transmission and the
maximum erroifree bit rate is increased from @Bps to 54Gbps Again, there is no
evidence of a noise floor. The lower power penalty of RC signaling is attributed to the
reduced ISI and increased energy in the center of the symbol period.

The backto-back performance was evaluated for all baud ratesowerd baud
rates, the bacto-back and througffiber configurations behave nearly identically since the
equalization, which is separately done for beebkack and through fiber, compensates for
any small channel differences. At maximum baud rates, theifij@ses a small power
penalty of <0.8dB whout evidence of a noise floor.

RC pulse shaping consistently outperforms UnS pulses on the same equalized

channel. The maximum UnS data rate increases fraabg§to 44Gbpswith equalization

| T T
PAM-2 Eq. |H

RC shaped

T
PAM-2 Eq. |
Unshaped

@

-Iog10 (BER)
-Iogm (BER)

|
-14 42 -10 -8 6 -4 2
Received Power (dBm) Received Power (dBm)

Fig. 5.1: (leftjUnshaped PANMR performance on an equalized 27GHz channel, fol

4 VCSEL wavelengthgright) RC shaped PAM performance on an equalized 27Gt

channel, forall 4 VCSEL wavelengths. Link includes 100m of OM5 with a 6dB ER
117
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and increases further to G#épswith RC pulse shapingThus, equalization and pulse
shaping together increased the maximum drew rate by 1&bps 50Gbpsand higher

was only achievable with both channel equalization and pulse shaping. A 5dB power
penalty was incurred at 8lbpsPAM-2. From the perspective of required optical power,
equalization benefits RC pulse shaping more than UnS. These results demonstrate the
advantages of using both channel equalization and pulse shaping.

These results also show that VCSELs with wavelengths 850nm to 950nm
readily support errefree >4@bpsPAM-2 over 100m or more of OM5 fiber using simple
transmitter based electronic filtering. Furthermore(Gbpsserial rates can be achieved
with additional filtering and penalty; however, modest VCSEhdvadth improvements

will enable 5@bpsserial rates with simple electronic filtering.

513 PAM4

An alternative to 5GbpsPAM-2 is 25GBaudPAM-4. PAM-4 is currently under
standardizatiorfor the IEEE standard 802.3cd and may also be a viable path Gbfp80
A key challenge is to identify filtering strategies that enable PAMithout adding
significant complexity. For brevity, we only investigated PAMon the equalized
channels. We also focus on data rates that can achievdéree®@ERS since addeddacy

of FEC is not tolerable in many applications of VCSEL/MMF links.

As reference, we again determine the receiver thermal noise limit for-£AM
assuming equal optical modulation amplitude (OMA) between each eye and a 29GHz

receiver bandwidth. The addihal optical power penigl over PAM2 is ~4.8dB [10B
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Fig. 5.2: (left)PAM-4 performance for 4 VCSEL wavelengths on an equalized cha
using unshaped pulsegight) PAM-4 performance for 4 VCSEL wavelengths on
equalized channel using Rfises. Link includes 100m of OM5 and a 6dB ER.

Error analysis was accomplished by #ade counting using the error analyzer for each

eye within the PAM4 signal.

On the equalized channel, erfoee PAM4 performance is demonstrated to
72Gbpswith UnS pulses, Fig. 5.2and RC pulse shaping improves the maximum error free
rate to 8&%Gbps Fig. 5.2 Compared to PAM2, PAM-4 always improves the maximum
achievable data rate. Again, all wavelengths achieved-e®mperformance with very
similar overall perdfrmance; no clear noise floor and penalties consistenti®ithThe
results inFig. 5.2usedthe same filterasPAM-2, Fig. 5.1 Similar to PAM2, the backo-
back and fiber configurations behave nearly identically at low baud rates. At maximum
data ratesthe fiber imposes a penalty up to 1.4dB but does not create a noticeable noise

floor.

5.1.4 Comparison of PAM2 and PAM4

The required optical power to achieve an efree BER is compareidr data rates
O 2Gbps Fig. 5.3 As demonstrated, PAM significantly extends achievable erfoee
data rates but does not simply allow a doubling of the data rate compared t@.PAM

Notably, both formats approach the thermal limit of the receiver at low baud rates.
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Neglecting the added complexity of a PAMtransceiver and only considering

o

1
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1
H

Thermal Limit PAM-4
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--=- UnS PAM-4
---- RC PAM-4
— UnS PAM-2
— RC PAM-2

'
(0}

Received Power (dBm) at BER 1072
)

Thermal Limit PAM-2

% 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84
Bit Rate (Gbps)
Fig. 5.3:Required received power for erfisee (BER 10?) transmission with PAM2
and PAM4 on an equalized channel for the 850nm VCSEL. Link includes 100m of
with ER of 6dB.

received power as the metric fohoosing a modulation format, it is advantageous to
choose PAMA f or d a®bps Thimasseiraes kb @qualization and pulse shaping
are implemented. If just equalization is used the transition to-RBAldcurs near 4Bbps

It is also clear that modeisicreases in channel bandwidth, again determined mostly by the

VCSEL, allow PAM?2 to readily support 3Bbpsand PAM4 to support 108bpslinks.

Choosing a somewhat arbitrary maximum 3dB penalty over the thermal limit we
observe that PAM achieves 3Bbps and 4%bps using equalization alone and
equalization with shaping respectivelshese correspond to a bitrate to bandwidth ratio of
1.33 and 1.67. In contrast PAM exhibits a ratio of 1.96 and 2.64 for equalized and

equalized with shaping respectively.

5.1.5 PAM4 100Gbpsand 40@bpsLinks
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Examination of the performance beyond=®psi.e. beyond rates that achieve error
free performance, we observe a monotonic increase in the minimum achievable BER
reaching ~1§ at 10@Gbps without receiver equalizationAddition of a 7/3 receiver
equalizer produces stEC threshold BER (BER <4.2xfPat effective bit rateas high
as 1045bps This FEC threshold is based on the standard Reed Solomon (RS) code chosen

by the IEEE for short reach links due to its katencyand lowoverhead characteristics

[3].

We investigate in detail the performance of each VCSEL wavelength in both a
backto-back configuration as well as through 100m of OM5 with tifferent equalizers,
Fig. 5.4 The 5/1 DFE produces s#EC threshold BER. The BER behaviors were
consistent between all VCSELs and no burst errors were found in the captured data.

Furthermore, there was no sign of a significant noise floor with this tap configuration.

Additionally, adding more equalizer taps lowers the BER revealing no floor above
10°® BER. This suggests the main impairment in the signal is residual ISI. Since all
transmissions were passed through a MUX/deMUX to the OM5 and the same equalization
was used for each VCSEL wavelength, the@B@srates could be combined easily for a
400Gbpslink. In the backio-back configuration, the 940nm VCSEL performs slightly

better than the other VCSELSs with the 910nm VCSEL performing the worst. We note that

Table 5.1 PAM-4 100GbpsFiber Penalty vs. Wavelength

Wavelength (nm
Fiber | 850 880 910 940

Penalty
(dB) 0.9 0.7 1.3 15
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Fig. 5.4:PAM-4 performance for 4 VCSEL wavelengths with Tx and Rx equaliza
using RCpulsesat 10@Gbps (a) BER after equalization for batié-back (B2B) link
with 7/3 forward/backward receiver equalizer and (b) BER after equalization for t
to-back (B2B) link with 5/1 forward/backward receiver equalizer; (c) OM5 link w
7/3 forward/bakward receiver equalizer (d) and OMS5 link with 5/1 forward/backw
receiver equalizer.

the 910nm preproduction VCSELSs have the worst performance of the four VCSELs by a

minor, but consistent margin.

The OMS5 fiber imposes only a small penalty that vasigghtly among the four
wawelengths at 10Bbps Table 5.1 The fiber penalty varies with wavelength primarily
due to the variation of the EMBc of the fiber. The 0.7dB penalty indicates that the peak
bandwidth of the fiber is around 880nm. However, eveanaffective 10Gbpsthe fiber

penalty for all wavelengths is sthaompared to the ISI penalty.

If error-free data transmission is required, then an equalized bandwidth of ~30GHz,
based off estimation from Fig. 5.4s required to achieve 1@bps This estimate is in
ageement with recent resultwhere 6&bps PAM-2 and >10Gbps PAM-4 were

demonstrated errdreeon a channel equalized to 30GHz in different work.
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5.2  Error -Free 1060nm 100Gbps PAMA VCSEL Links

To reduce the fiberequirements, the IEEE Ethernet working group 802.3cm has
started standardizing 50Gbps PAMlata rates as well as shortwave division multiplexing
(SWDM) to transmit two wavelengths per fiber (850nm and 910i3]. In order to
support SWDM, multimode fdér (MMF) manufacturers have developed MMF which
provides sufficient modal bandwidth (EMBc) from 850nm to 95(i8¢]. These two
efforts allow VCSEL-MMF links to sale capacity in two dimensiondata rate and

wavelengtls.

In this section we investigategreater than 100Gbps PAM! signaling using
1060nm VCSEL®ver 100m of SWDM capable fibeDFSLaserWave FLEX WideBand
Multimode Fiber{fOM5) [103. Equalization is implemented exclusively at the transmitter
as preemphasis. We study the maximum achievabierdree (BER<10'?) data rates for
PAM-2 and PAM4 and reach 60Gbps and 100Gbps, respectivatiditionally, we
investigatebenefits of pulse shaping within band limited VCSEL liaksl find a reduction
in power penalty of 4dB at 50Gbps and 3.5dB at }i¥5We conclusively shov®DM5
fiber is capable of supporting link transmission of the entire wavelength band of

GaAs/InGaAs VCSEIDatacomtechnology(850nm to 1060nm)

5.2.1 Experimental Setup

The 1060 nm VCSEL desigri22 has bee developed from @revious 856m
high-speed GaAdased desighl19. The active region of the VCSEL has three InGaAs
guantum wells separated by partially straompensating GaAsP barriers. The short-half

wavelengththick cavity provides strong longitudinal optical confiremh and is
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surrounded by DBR structures carefully designed in the AlGaAs material system.

Transverse optical and current confinement is achieved by two primary oxide layers in the

top pDBR, which are thin and placed in optical field nodes to obtain l@amiaivergence

and improve transmission over longer distances.

The VCSELs were driven by a 92GSal/s Arbitrary Waveform Generator (AWG)
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Fig. 5.5: (top Experimental setup for BER measuremertstton) OM5 Fiber EMBc

(blue) and fiber dispersion (red) over wavelength. ANSI/TIA492AAAE MMF stanc

(green) with approximatetO60nm (green dashed).

with 32GHz of analog bandwidth (Keysight Technologies M818&). 5.50p.

The

aperture VCSELSs that were investigated had >23GHz bandwidth. Atpgalak votage

5em

swing of 650mV was used to drive each VCSEL with a DC bias of ~6mA. Details of the

experiment are similar to our previous w¢dki3] with a few alterations. In the case of
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investigating shaped pulses, a ti@main raised cosine (RC) filter with 0.83l off factor

Is used. The optical signal was attenuated by 3dB to emulate the loss from a MUX/deMUX.
A Thor Labs DXM30BF Ultrafast Detector was used with an SHF 807 amplifier for the
receiver. Lastly, all BER measurements were done with an SHF 11100A rate
analyzer. In the case of PAM| the error rate is evaluated by measuring the symbol error
rate of each eye at identical sampling points, and then summing half the individual eye

error rates.

5.2.2 Shortwave Division Multiplexing (SWDM) for 850noni060nm VCSELS

The inclusion of SWDM in the next IEEE MMF standard allows continued scaling of
VCSEL link capacity while alleviating strain on data rate requirements. The current
standard is focusing on SR4.2 and SR8.2 links for 200GbE and 400GbE splwfivame
SRx.2 represents x fibers with 2 wavelengths. These solutions require wideband MMF in
order to support higher wavelengths with sufficient EiM® limit modal dispersion. The
ANSI/TIA-492AAAE OMS5 fiber standard was crafted to support SWDM and regd
minEMBc of 4700MHzkm at 850nm and 2470MHam at 953nm, covering four

wavelengths. The EMBc of #OM5 fiber supasses the requirement, Fig. bditom

Fiber penalties in VCSEL MMF links are mostly dispersion related. The two worst
case dispersioncenarios over the 850nm to 1060nm band in OM5 are at 850nm where
chromatic dispersion is at a maximum and 1060nm where modal dispersion is at a
maximum. Longewavelengthdiave additional benefits due to the higher concentration of
Indium in optoelectric @vices such as smaller material bandgap (ledsithJand higher

responsivity ofphotodiodes. These benefits help further offset link penalties outside of the
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primary design range of the fiber. By establishing link performance at 1060nm over OM5

fiber, ard having already established 850nm, 880nm, 910nm, and 940nm performance, we
now demonstrate that all wavelengths from 850 to 2060nm will behave in a similar fashion.
With the standard at 30nm spacing, this includes 970nm, 1000nm, and 1030nm

wavelengths foa potential 8 channels supported by a single MMF.

5.2.3 Channel Response and PAM
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Fig. 5.6: (a)Unequalized electrical channel response (b) BER vs. received pow:
PAM-2 for various bit rates on an equalized 100m OM5 channel with extinction ra
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The channel responss taken with 100m of OM5Even with an EMBc of
~2500MHzkm at 1060nm, the link 3dB bandwidth is ~20GHzg 5.6a. With a 16tap
equalizer we are able to realize a link bandiwioit ~32GHz wherethe equalizing filter is
discussed in previous wofl33. The equalizeprovideslarge bandwidth enhancement
due to the slow roll off othe channel. This is attributeid advances in multinae

photodiode bandwidth that reaeB2GHz.

Weexamine PAM2 errorfree rates with a PRBE5 signal using the same 1060nm
VCSEL. An extinction ratio (ER) of 7dB is maintained across the examinedtes. The
receiver thermal limit is showin Fig.5.6b in purple. This represents the best case redeiv
power for a given BER limited only by thermal noise, responsivity, and VCSEL extinction

ratio. At 25Gbps, deterministic ISI penalties are negligible. The majority of the <1dB
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penalty is due to VCSEL noise including both relative intensity noise (RIN)naode
partition noise (MPN), as well as noise resulting from reflections at optical coupling points.
As data rates reach 50Gbps, the optical power penalty reaches ~5.5dB. Residual ISI and
DAC aliasing account for a maximum 4dB optical power penalty. Sheeénalty may be

further reduced with largaransmitterfiltering, however we limited our filter to at most

10 taps.The resulis a 7dB power budget assuming a required powesdBm for PAM

2 at 50Gbps. Using all the available optical power we aclti@@bps over 100m of OM5,

the maximum testable data rate for our BERT.

5.2.4 PAM4

PAM-4 is used in band limited systems due to the increase in bits/symbol, lowering
its required bandwidth for the same bitrate. RANbenefits from aigh ER laser and
exterds data rates in band limited channels. Similar to the 2Agdtup, we determine the
receiver therral noise limit for PAM4, Fig.5.7a. The tradeoff for moving to a higher order
modulation scheme is a 4.77dB ISI penalty. Additionally, the increase inttausltions

makes PAM4 more susceptible to nonlinearities of the VCSEL and RIN.

At 25Gbps, PAM4 exhibits nearly the same inherent noise penalty as-PAM
However, PAM4 supports much higher data rates data rates without incurring the same
ISI penalty asPAM-2, Fig. 5.7a and 5¢7 At 50Gbps, the residual ISI penalty is <0.5dB
compared to 25Gbps. Power sensitivity is similar to P2l the ISI penalty of PAM
is nearly the same as the optical power penalty from increasing the amplitude levels. At
80Gbps.the band limitations of the channel contribute ~3dB ISI penalty compared to an

ideal link. 100Gbps was achievable with a ~6dB power penalty. However, this establishes
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Fig. 5.7: (a) BER vs. received power for PAMfor various bit rates on an equatiz
100m OMS5 channel with extinction ratio of 7dB; (b) Received power (at BER) 18.

bit rate for PAM2 (solid) and PAM4 (dashed), including pulse shaping (red), on
equalized channel over 100m OMS5. Thermal receiver limits are in purple; (c

diagrams of unshaped 60Gbps PAMtop) and 100Gbps PAM (top) and shapet
60Gbps (bottom) and 110Gbps (bottom).

that OM5 fiber can support 100Gbps PAMvith the upper wavelengths of GaAs/InGaAs

VCSELs. We note again these are all efree results.

We next added an additional filter to the transmitter to shape the electrical drive
signal to yield Nyquistike pulsedurther reducing IS, Figs.7b. We shape over 4 symbols
with an RC filter with a 0.35 roll off. While this is a small filter, it is mo@amplex to
implement than the previous equalization since the tap spacing requirement is generally
smaller. However, the penalties are substantially redu€igd5.7b and 5& At 50Gbps,
PAM-2 is achieved with a modest 2.5dB power penalty. 60Gbps pertarorsree with
a 3.5dB penalty, this was the maximum data rate of the BERT. The pulse shaping also had
a large improvement on PAKL. Most notably, the power penalty compared to an ideal
link at 1200Gbps was reduced to <3dB. This small penalty shoulddersufficient power

budget for margins regred in commercial deployment.
5.3  Error -Free 850nmto 1060nmVCSEL Links: 800Gbps8 esWDM

Low cost, and high density capabilities of VCSBased transceivers make them a

key component of short reach intercortsecThe standards anticipate forward error
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correction (FEC), however error free links without FEC are desirable in many applications.
Error-free FECfree VCSEL links have been demonstrated at 71Gbps R2AMer 3m

[117] and 100Gbps PAMI over 100m [2, 3].0 the case of PAM, these data rates were
demonstrated with multiple aperture and multiple wavelength VCSELSs. Although faster
data rates are feasible, bandwidth limits of VCSEL MMF links would require complex
receiver DSP and FEC schemes that add lat@ndyower consumption. Higher efficiency

and low latency will be beneficial to deploy 50Gbps and 100Gbps single lane architectures.
Therefore, scaling by wavelength multiplexing of error free links will be a more cost
effective solution. It has been showhat 100Gbps PAM is feasible across four
wavelenghs in the targeted OM5 range [133, L10Some performance and dispersion
penalties have been investigated for both PAlhd longer wavelength VCSELs [134

135, 122, highlighting link budgets and PAM adrantages at 50Gbps. However, an
assessment the distinct penalties across the entire possible SWDM range is necessary to

better understand the full capability of future VCSEL links.

In this sectionwe investigate the effectiveness of limited transmittelabggation
on 850nm, 980nm, and 1060nm VCSELs in back to back (b2b) and OM5 links. We
compare the erreiree sensitivity (BER 18 for different equalizers sizes across alll
VCSEL wavelengths using PAI4. Additionally, we measure a Q factor and deternaine
maximum bit rate. We also assdiser penalties for both PAM2 and PAM4 through
100m of OM5 across all wavelengths. And, through simple measurements, we decompose
total power penalty into individual dispersion related penalties, noise related peaalties

in the case of PAML, nonlinear related penalties.

5.3.1 Experimental Setup



The 850nm and 1060nm VCSELSs were designed by Chalmers University and the
980nm VCSELs were designed by TU Berlin. All VCSELs had similar aperture sizes (5
6em) with measured RMS s pCA4t forrthe BSOnn, 98A@nim,s o f

and 1060nm VCSELSs, respectively. The VCSELs were driven by a 92GSa/s Arbitrary

DC Source

Sampling

o Scope ~ 71_Clock
£ IS
WA sy \ P Error __3
B o m Analyzer
100m -

Mode oMs VOA =
Scrambler PD
Fig. 5.8:Experimental setup for equalization and fiber penalty analysescolor scheme
850nm (blue), 980nm (green) and 1060nm (red) is used consigteotighout for all
figures in section 5.3.

DAC

Waveform Generator (AWG) with 32GHz of analog bandwidth (Keysight M8196) using a
PRBS15 pattern, Fig. 5.8Experimental details are similar éarlier sectionwith a few
alterations. When investigating shaped pulses, adiomeain raised cosine (RC) filter with

0.35 roll off is used. The optical signal is mode scrambled to create acasesbverfilled
launch and to ensure measurement consistemogsadifferent wavelengths. A Thor Labs
DXM30BF Detector was used with an SHF 807 amplifier for the receiver. The measured
channel response, including 100m of OM5 fiber, is naddgtical for all VCSELsLastly,

all BER counting up to 60Gbaud was doné&wan SHF 11100A error rate analyzer. In the
case of PAM4, the error rate is evaluated by measuring the symbol error rate of each eye

at identical sampling points, and then summing half the individual eye error rates.

5.3.2 Transmitter Equalization
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Modern VCSEL drive circuits now includenaulti-tap analogue FIR filteand a
wideband line driver [130To quantify the benefits of transmitter equalization within an

SWDM environment, we first demonstrate the efree sensitivity improvement for bit

of e -
........ 3-tap

2F ---5-tap h““ i
---7-tap —
— 10-tap Unequalized Equalized

4 60Gbps 980nm  60Gbps 980nm .

Unequalized —. . .

-
o

-

Received Power (dBm) at BER 107'?

1 1 1

30 35 40 45 50 55 60
Bit Rate (Gbps)

Fig. 5.9 Error-free sensitivity of PAM2 versus bitrate of 850nm, 980nm, and 1060

VCSELs. 3tap (dotted blue),-fap (dotdash blue), fap (dash blue), and 4@p (solid

blue) filters for 850nm VCSEL included.

=
N
L
-
-

rates to 60Gbps, Fig. 5.@nd then determe the maximum achievable data rate with
equalization, Fig5.10 Drive voltage was kept constant across all VCSELSs, but different
for PAM-2 and PAMA4. All VCSELs were biased at 5mA for PARIand PAM4. The
extinction ratio (ER) was measured to be 48BdB, and 5.7dB for the PAI 850nm,

980nm, and 1060nm links, respectively.

Without equalization, all VCSELSs support up to 60Gbps error free BEREQ.
5.9. Small differences in received powers at low bit rates result from differences in
photodiode rsponsivity, ER, and relative intensity noise (RIN). The channel response is
then equalized usinfgjequency domain based gain equalization. The AWG is constrained
into 3tap, 5tap, #tap, and l@ap T-spaced time domain filtering [1B3Each tap

configuraton was tested at all wavelengths for effir@e operation. In Fig. 5.%nly the
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78Gbps 850nm
100m OM5

Q Factor

50 55 60 65 70 75 80

Bit Rate (Gbps)
Fig. 5.10:Q factor vs. bit rate for equalized PAR100m OM5 link using 850nm
980nm, and 1060nm VCSELSs. Purple line corresponds to the unequalized 850nm
2 back toback(dark blue) link shown in Fig. 5.9

equalization of the 850nm VCSEL is shown, but the benefits are similar for all VCSELSs.
We observe a decreasing benefit with increasing number of taps consistent with a channel
memory of a few symbols. At 50Gbps tinerage received power can be reduced by nearly
2dB using equalization. Furthermore, the residual penalty at 50Gbps is only ~2dB

compared to 250ps.

The maximum bit rate and the impact of pulse shaping is determined by assessing
the Qfactord O G , , ,(wherethe parameters have their usual mearfuy)
these measurements, Fig. 5.&t@& average received optical power is fixed to 0dBm for all
bit rates and a Xap equalizer is optimized separately for back to back and with 100m of
OMS5 fiber for each VCSEL. The back to back unequalized 850nm link is shown for
reference in Figs.10(purple solid line) and the error free Q=7 is also indicakbeé.error
free data rate of each VCSEL extends beyond 65Gbps. Pulse shaping-tathRQ®filter

with roll-off 0.35 is then added to the equalized links. Efree data rates now increase to

132



>75Gbps for all wavelengths with the 850nm VCSEL reaching8tbps PAM2 over
100m OMS5, nearly a 30% data rate increase from the unequalized back to back link.
Interestingly, the pulse shaping improves the Q factor by >2dB across all bit rates yielding

a 50Gbps response with negligible penalty compared to 25Gbps.

5.3.3 Receiver Equalization

The results presentedpnevious sectiorelied solely on transmitter based filtering,
in part to enable direct assessment of error rates. However receiver based signal
optimization is a standafeéature of optical receiverd12. Implementing equalization at
both the Tx and Rx reduces complexity and improves performance by distributing the
filtering and by enabling a static equalizer at the transmitter and a dynamic filter at the

receiver.

Various receiver DFE filters with transmittbased equalization were investigated
for PAM-4. Here we investigated st#®0Gbps data rates due to ADC limitatioResults

for unshaped pulses at GBps, Fig.5.11, and RC pulse shaping for 848bFig.5.12,

1072 = - . . . :
472Gb UnS w/ SHF EA
472Gb UnS w/ Demod
3 #1/1 Forward/Backward||
10 ©5/1 Forward/Backward
#*7/3 Forward/Backward
41
x 10
0
1075 F
10-6 L
)
-6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5

Received Power (dBm)
Fig. 5.11 Receiver tap combitians at 72Gbps PAM on an equalized channel, usi
unshaped (UnS) pulses and PAIM
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show the benefits of receiver DFE filters for the highest PARIt rates that achieved
error-free performance. The results shown are for the 850nm VCSEL and arem&girese

of all VCSEL wavelengths. We first compare the offline error counting method to the real
time error analyzer results and demonstrate consistency between these methods. The
largest DFE filter examined, a 7/3 forward/backward tap configuration peddu@.5dB
reduction in the required received optical power for a BER-5:1Bewer taps vyield
commensurately smaller benefits. The performance gains of receiver DFE filters for RC
pulses is similar to, but slightly less than that observed for UnS pulsses.etinction in

gain results in part from the tighter timing tolerance that accompanies RC pulse shaping.

There is a trend of higher receiver filtemledits at lower BER. At error rates of-10
6 both pulses experience a gain of approximately 0.75dB. Extrapolating to a BER of 10

12,a gain of at least 1dB for both UnS and RC pulses is expected.

10-2 T T T T T T
484Gb RC w/ SHF EA

484Gb RC w/ Demod
#1/1 Forward/Backward||
#5/1 Forward/Backward
#*7/3 Forward/Backward

1073

10*E

BER

-6 5.5 -5 4.5 -4 -3.5 -3 2.5
Received Power (dBm)
Fig. 5.12 Receiver tap combinations at 84Gbps on an equalized channel, using RC
and PAMA4.

5.3.4 Fiber Penalties

Fiber penalties including chromatic dispersion, differential mode delay and loss
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will vary considerably from 850nm t@060nm. We assess the tofdder penalty by

comparing the required received power for efree operation between back to back and

with 100m OMS5 with the equalization optimized for back to back. The VCSELs perform

similarly for PAM-2 for the back to backith the 850nm VCSEL requiring >1.5dB lower

power, Fig. 513 The 100m of OM5 adds only a modest penalty in all cases. For 50Gbps

PAM-2 thefiber adds a total penalty of 1.5dB, 1.2dB, and 1dB to the 850nm, 980nm, and

1060nm links, respectively. For 100@bPAM4, thefiber exhibits a power penalty of

2.2dB, 1.8dB, and 2.6dB to the 100Gbps RAMB50nm, 980nm, and 1060nm links,

respectively. Thus OMb5fiber is readily able to support even the 200nm wide

implementations of SWDM for both 50G PARand 100G PAML.

The total link penalty is decomposed into penalties associated with noise,

dispersion, or ndmearity. With reference to the Q factor, by measuring the minimum

power required for a target BER with PARand PAM4 ,

1, |

0,

ER,

a

without fiber, the individual power penalties for noise, dispersion and nonlinear-2AM

Received Power (dBm) at BER 107'?
IS

1 1

-
N

—PAM-2 btb
- - PAM-2 100m
------- PAM-4 btb

---PAM-4 100m

30 40 50 60 70 80
Bit Rate (Gbps)

Fig. 5.13 Error-free received power for 850nm, 980nm, and 1060nftafCequalized
links using PAM2 and PAMA4. Includes both back to back and 100m OM5.
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effects can b isolated and quantified. Penalties from RIN, enhanced RIN, thermal, and
equalizer noise addition are determined by measuring noise power and applying noise
penalty equations derived ihe IEEE Ethernet spreadsheet ][8Bispersion penalties
(chromatic,modal) are determined from differences in received power with and without

the fiber. And, nonlinear penalties that arise from PAMeye skew, |Sbninea) are

1 T T T
850nm - - Added RIN Penalty (a)
980nm  — Dispersion Penalty
0.8F 1060nm 4
)
T
206
[ L - — - ————=— =
e
& W e e -
& 0de=—======2 M- —————-—---=
=
o)
o
0.2 + —
—
0 1 | 1
40 45 50 55 60
Bitrate (Gbps)
1 .2 T T T T
850nm  ---Added RIN Penalty b )
980nm  ---Nonlinear Penalty (b)
1+ 1060nm —Dispersion Penalty .

o
®

©
N

Power Penalty (dB)
o
(@]

75 80 85 90 95 100
Bit Rate (Gbps)
Fig. 5.14:Power penalty for errefree (a) PAM2 and (b) PAM4, over various bit rate:
for 850nm, 980nm, 1060nm 100m OM5 VCSEL links. Dispersion penalty notes by

lines, fiber noise penalty noted by dashed lines, and nonlinear penalties noted by
lines n (b).
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measured by comparing the BER of PAVIPAM-4, and the individual SER of each PAM

4 eye.

Several distincpenalties are depicted in Fig. 5.T4he primary obseation is that
the dispersion penalty is nearly constant with increasing bitrate for 850nm and 980nm
while it increases with bitratat 1060nm for both PAR2, Fig 5.14a and PAM, Fig.
5.1%. Although the chromatic dispersion (CD) is greatest at 850nmPWMB-CD
interaction may be reducing the net dispersion penalty. The measured modal bandwidth for
thefiber is ~5000MHzkm for both 850nm and 980nm, and ~2700Mki#a for 1060nm.
Thus, the increase in dispersion penalty at 1060nm, where CD is lower, resuita fr
decreasing modal bandwidth which is optimized for 850nm to ~950nm. The enhanced RIN
penalty is fairly constant with wavelength, due to the offsetting effects between CD and

DMD as well as the decreasing RMS spectra with increasing VCSEL wavelength.

In the case of the nonlinearity, all VCSELs have a similar penalty, with 980nm
having slightly more, which slowly increases as the bit rate increases. Th&pANalties
(RIN and dispersion) are smaller than the RANbpenalties, resulting from the higher
sensitivity of PAM-4 to amplitude distortions. For these VCSEL designs, nonlinear

behavioris not a dominant impairment for PAKM



CHAPTER 6.

STATE-OF-THE-ART VCSEL COMMUNICATION

FutureVCSEL deployments must continue to scale serial data rates to 100Gbps

and beyonavhile retaining energgfficiency and cost effectiveness. For applications such

as high performance computing (HPC), forward error correction (FEC) adds substantial

latencies making them impractical for many short reach linB6][Thus, VCSEEMMF

links have been restricted to PARImModulation formats, as PA¥I has been standardized

to include FECWe demonstrated a path to 100Gbps data rates usingi2 p@duction

VCSELs in previous Chapterdowever, as VCSEhlNd receivebandwidths increase, it

is nowpossible to increassata rates for VCSEMMF links further.

In this Chapter, we®verview the changes in VCSEL fiber optic communication

techrology over the last few years that have enabled data rates to continue inci&asing.

Fig.
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6.1:SWDM capacity, data rate, and bandwidth growth over the last decade.
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then pesent our most recemork with both single modand multimode VCSEL setting

record data rates and datte distance products over fiber.

6.1 Advances in Error-Free Transmission for >100Gbps PAM4

In this sectionye overviewthe maximum achievabkrrorfree (BER <101?) data
ratesand the penalties for standard 50Gbps and 100GbpsfonkBAM-2 and PAM4
using both commercially produced and research grade VCSHKIes show that
VCSEL/MMF links are significantly improved with simple equalization and pulse shaping
implemented exclusively at the transmitt€urrent production VCSELSs, used for existing
25Gbps transceivers, support up to 100Gbps using RBAdth FEC and research grade
VCSELs enable errdree rates well beyond 100Gbps using PAMNe show that these
benefits originate substantially due to the slowoéilof VCSEL responses when strongly
biased but also due to higher available power and low relative intensity noise (RIN). This
performance is achieved with short wave division multiplex®@@/DM) capable fiber
LaserWave FLEX WideBand Multimode Fib&M5) which readily supports 50Gbaud

beyond 100m.

6.1.1 Experimental Setup

VCSELs suitable for IEEE standard 802.3b&bGpbs PAM2) were provided by
Finisar. This design is in volume prodian and previously described [1[19 he relative
intensity noise (RIN) was-142dB/Hz with an oxidea per t ur e of ~8em
spectral width of 0.493nm. Next generation VCSELs used in this study Wegen8&ration

VCSELs designed and fabricated at Chalmers Univer$itgse 850nm VCSELs were
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Sampling o
+—3SWDM ———> Scope | Clock

Mux Demux
Error __3
\Vl - 100m — \v‘ Analyzer
VCSEL

Fig. 6.2:Experimental SWDM link with MUX and deMUX. 'h fichannel <
DAC and ends at the digitizer. The total link loss is 2.4dB.

DAC

designed forhigls peed modul ati on using strained | n
cavity, and multiple oxide apertures [120 he reflectivity of the top mirror waadjusted

to optimize a flat and higbandwidth modulation response [12The optimum mirror

reflectivity can be designed into the epitaxial layer growth and the fabrication process is
otherwise conventional. Thus these VCSELSs represent a target faahugie production.
VCSELs with 5egm, 7em, 9em and 1lem apertur e
of ~25GHz and RIN betweeii45dB/Hz to-153dB/Hz depending on aperture. The RMS

spectral widths are 0.69nm, 0.76nm, 0.86nm, 0.94nm from smallest éstlagerture.

The electrical drive signals were generated using a Keysight Arbitrary Waveform
Generator (AWG) with 32GHz of analog bandwidth. The signals were amplified with a
SHF 827 linear amplifier and applied to unpackag€®$ELs using an RF probe, Fig.2
All VCSELs were biased and electrically driven for optimum performance. Extinction
ratios (ER) for 7¢m, 9em and l1llem aperture
VCSEL and the Chalmers 5e&em apedipattcrawag CSEL
usedfor all testing and the PAM patterns were implemented with gray coding. ThesOM
fiber is similar to [L3Pand exceeds the proposei5 TIA specification of 4700MH&mM
at 850nm The setup includes a CWDM MUX and deMUX to emulat&S8WDM link,

resulting ina total insertion loss of 2.4dB for 100m of fiber.
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The receiver consists of &amGaAs photodiod&ith2 0 e m aper tur e and
Inphi TIA with a combinedelectrical bandwidthof 29GHz The responsivity was
~0.34A/W at 850nmIn section 6.4, the receiver was exchanged with a Thor Labs
DXM30BF photodiode with 33GHz bandwidth and 0.48A/W responsivity at 850nm
connected to a SHF 807 amplifier. The received signal is direct detected and analyzed by
a DCA 81600D sampling scope;l5 11100A Error Analyzer (EA), and Keysight M8040A

EA to capture eye diagrams and determine bit error rates.

6.1.2 Commercial ProductioWCSELs

Commercial production VCSELs are currently manufactured targeting 25Gbps
PAM-2 links. The 3dB bandwidths of tre¥CSELs are ~20GHz. The channel response
with this production VCSEL had a 3dB bandwidth of ~19GHz, Fig. 2. When equalizing,
the channel response ralff, the choice of equalizer length, optical power, extinction ratio,

baud rate and RIN all contribute ttte optimum equalized 3dB bandwidth.

Experimentally, links areequalizedusing a 1&ap frequencydomain equalizer
However, an equivalent equalizer can be implemented with a conventionaldinmaen
10-tap FIR filter, Fig 6.3Thenumber otapsarelimited toensure a higlbandwidth power
efficient filter is feasible The optimum equalized 3dB bandwidites determined by
maximizing link data rates for each VCSHs a result, the filter may not be optimum for
low baud rates and the observed received paaightly higher than that possible with a
filter optimized for low baud rates. 8\also evaluate the impact of an additiofghp
raised cosine (RC) pulse shape filter to reduce spectral occupancy, thereby limiting the

impact ofdispersiorf133].
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We quantify the performance of PARland PAM4 formats by the received power
required for erroffree operation for various data rates. The equalized channel bandwidth

was 24GHz corresponding to a peak equalizer gain of ~11dB and demonstrating the

Magnitude (dB)

Finisar 850nm
10-Tap FIR Filter e
Equalized Channel Response ——

Y
(@]
T

1 1

0 5 10 15 20 25

Frequency (GHz)
Fig. 6.3:Measured channel response of Fig. 1 with production VCSEL and correspc
10tap FIR equalization filter response optimized for a 24GHz 3 dB bandwidth

dotted). Optical spectra in inset
significance of the unequalized 15dB channel bandwidth. The production VCSELSs achieve

maximum erroffree PAM2 data rates of 54Gbps and 44Gbps with and without pulse
shaping respectively, Fi§.4. Implementing PAM4 with the production VCSEL extends

maximum erroffree data rates to 84Gbps and 72Gbps with and withdaé @haping

respectively, Fig. 6.4

For many applications it is more instructive to examine the performance
corresponding to specified data rates compared to btb. Using théreerequalize® AM-
2 link as reference, Fig. 6. ghows pulse shaping of PARIallows 50Gbps with a 5dB
penalty and a ~4dB power margin. Puld@ped and equalized PAMsupports 50Gbps

with similar required optical power. Modest pulse shaping of PAMows >75Gbps with

14z



PAM-2
’ PAM-2 RC ----

i~ PAM-4  ——

. PAM-4 RC ----
AQk---"7" i

Received Power (dBm) at BER 107"
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Bit Rate (Gbps)
Fig. 6.4:Required received power for erfisee transmission with PAM and PAM4
on an equalized channel with 200m OMS5 fiber using Finisar production VCSELSs.
lines: no pulse shaping; Dashed line: raised cosine (RC) pulse shaping.
a 7dB penalty ah a similar ~3dB power margin. This demonstrates the performance

advantages attainable using transmit only filters with 25Gbps production VCSELSs.
6.1.3 Research Grade VCSELs

The Chalmers VCSELs yield an unequalized 3dB channel bandwidth of 21.5GHz
for bxide aperture and 22.5GHar the other apertures, Fig. 6.5hese research
grade VCSELSs, each exhibit 2.5GHz more channel bandwidth compared to production
VCSELs, an increased OMA, and fiber coupled power up to 18mW for #ma bkide
aperture. Each V3. was biased with a near equal current density@f 5 mA&/ ¢ m
The corresponding mode struta are shown as insets in Fig.6lGesaesearch VCSELs
were able to be equalized to a 3dB bandwidth of 28GHzaltleeir increased bandwidth,

lower RIN, improved optical power, and higher extinction ratio.
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Fig. 6.5 Measured channel response of research grade Chalmers VCSELSs with
spectra for 5em, 7em, 9em, and Indedgsmlso
shown.

The 7em VCSEL s up p-?datasatesna &8Giops amd 62@0ds
with and without pulse shaping respectively, Biga. Thisrepresents a 30% increase over
production VCSELsThe 9um and 11um apertux8CSELs performed nearly idenékto
the 7um VCSEL. Most notably, the research grade VCSELSs readily suppoHresgor
50Gbps PAM2 with only transmit equalization and no pulse shaping, an important data
rate benchmark. Furthermore, these VCSELs support 50Gbps with only a 2dB penalty

compared to back to back when using both equalization and pulse shaping.

When examining PAM, the research grade VCSELSs achieve drnex data rates
of 100Gbps and 90Gbps withawithout pulse shaping, Fig. @&8~hich is the first report
of 100Gbps PAM4 errorfree rates. The maximum achievable efree data rate for

PAM-4 was 110Gbps.
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Fig. 6.6:(a) Required received power for erfvee transmission with PAR and PAM
4 on an equalized channel with 100m

lines: no pulse shaping; Dashed line: raised cosine (RC) pulse sh@piRgM-4 BER

performance for 5d4dmB&Rdpéempr hahc®ARN
PAM-4 BER performance over 100m for all apertures. All results achieved

transmitter onlyequalization.

Focusing on PAMA 100Gbps data rates, we examine performance versusrapertu
and fiber reach, Figs. 6.6b, and@&.Berformance versus aperture varies due to the specific
RIN, power, and optical spectral characteristics. Typically, VCSELs nvore mode sets
experience a smaller RIN enhancement due to fiber dispersion and adsbetateelation
of modes (section 3.2\We observed a RIN enhancement (worsening) of 5dB/Hz, 3dB/Hz,

2dB/ Hz and 2dB/ Hz f or tMCSELS espectivélyeaftey 10@e m, a

of fiber.

The 7em and 9e¢em VCSELs performed best
enhancement. Errdree 100Gbps PAMI was achieved at 150m usi

andl0O0Om with the 9egm \.G8nrerklly, thefiorgpenalties aelsmadl,n d 6 .
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~1-1.5dB at 100m. However, a noise floor associated with RIN enhancement was observed

with the 5&gm VCiR&derfofmametd50m.g err or

The 100m performance of each research gv&ieEL is shown together, Fig. 6.6
The VEBEL performs best, with the 5e&gm VCSE
9¢em, and 11em VC-8deldataadtek at sirailarceeeivedrpowerr For the
7¢ Mm% m, an &/CSElsghe OMS5 fiber imposes a penalty of approximately 2dB
over 100m Also, there is no indication of a significant BER flolmr VCSELs at 100m
other than the 5e&em aperture. Thus, t he mo:¢
rates is increasing VCSEL bandwidth while simultaneously maintaining low RIN and

sufficient fiber copled power.

6.1.4 Comparison of Channel Bandwidths

At the higher data rates, the bandwidth limitation of the receiver notably impacts
link performance. Receivers with MMF input present significant challenges balancing
collection efficiency wittspeed. We investigated link performance using a receiver with a
different frequency response, specifically a Thor Labs photodiode and SHF amplifier, Fig.
6.7a. Although the 3dB bandwidth is slightly worse, roll off is slower resulting in higher

10dB and 18B bandwidths. As a result, the equalized 3dB bandwidth i&H23

Three link configurations are considered, Figh6Finisar VCSEL (red) with 3dB
equalized bandwidth of 24GHz, Chalmers VCSEL (blue) with 3dB equalized bandwidth
of 28GHz, and the ChalmeMCSEL with Thor receiver (black) with 3dB equalized
bandwidth of 33GHz. The additional 5GHz channel bandwidth reduces thedR¥evalty

by ~7dB at 100Gbps yielding a penalty of <2dB compared to BAMck to back with a
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Fig. 6.7 (a) Previous meased channel response of Fig. 2 and Fig. 5a compare
improved receiver (black); (b) Comparison of required received power forfegeol
(BER 10%) PAM-4 transmission on an equalized channel with 100m OMS5 fiber. ¢
lines represent no pulse shapingl andashed line represents raised cosine (RC)
shaping.

~8dB margin when implementing equalization and pulse shaping. Without shaping,
100Gbps is achieved with a 5dB penalty. Similar benefits are found for the commercial
VCSEL which now supports a maximum bit rate of >80Gbps and negligible penalty at
50Gbps cormpared to PAM4 back to back (the PAM link also shows negligible penalty

with the new receiver compared to PAMback to back). We conclude that erfiae



100Gbps (50GBaud PAM) can be achieved with 25GHz VCSELs and receivers that

enable 30GHz equalizagthannel.

6.2 104Gbps NRZover 50m OM5 MMF

To sustain capacity growth continued effort is needed to increase core data rates
while retaining the power efficiency advantages of VCSHEUF links. The new inclusion
of equalization and forward error correction (FE@o VCSEL-MMF links showpotential
for extending linkcapabilities[117, 133. Furthermore, there are a number of foundries
producing CMOS components suitable for filters and amplifiers needed to deploy these
high speed links. For example, GLOBALFOUNHS 45SPCLO CMOS process exhibits

an fr of 280GHz and supports 100Gbps NRZ TIA37].

In this section, w demonstrate, for the first time, >I0psPAM-2 NRZ signaling
using 850nmVCSELsthrough OM5multimodefiber. Equalizations employedusing a
transmiter based static equalizer and receiver based adaptive equalizer. Furthermore, a
raised cosine(RC) pulse shape was implemented moinimize bandwidth limited
impairments Specifically, we demonstrate 102Gbps PA&Mwith BER below FEC
threshold through 50mf OM5 fiber. We also demonstrate erfoze data ratesf 84Gbps
over 100m OM5 and 90Gbps over 50m OMS5. This is the fastest reportedreer &AM
2 direct modulation data rate for any laser to date and the first VABBHE transmission

eclipsing 100Gbpssing traditional NRZ signaling.

6.2.1 Experimental Setup
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Fig. 6.8 Experimental Setup for PAMN.

The electrical PAM2 signal was created with a Keysight M8194A AWG. The
channel response, from the DAC output to the riea scope, is depicted in Fig. 6@
the native and equalized channel. Equalization was constrained to the equivalent of 10 taps
to ensure fabrication is feasilile current technologied/CSELs used in this study were
unpackaged 3rd generation VCSELSs designed and fabricated at Chalimezssity for
50G NRZ operationThe VCSELshad an aperture of 5&gm, 26 Gl
RIN <-150dB/Hz. OFS OM5 MMHRwith O 5 G #rm effective modal bandwidtht 850nm

was used for the transmission experiments.

The receiver was a Thor Labs DXM30BF photodiode with 33GHz bandwidth and
0.48A/W responsivity at 850nm connected to a SHF 807 ampliftez.received signal
was capturedusing the reatime Keysight UXR1102A ostlioscope The filter at the
receiverwas applied through the UXR and compensatessimiaining channel distortions
Again, the filter was limited to 5 taps. Direct bit error rateinting was done using the
SHF 11100A error analyzer for rates O60Gbp:
was implemented for data rates >60Gbps. The methods were shown to be equivalent for
rates up to 60Gbps. We determined the maximum -&reer rates achievable with and
without pulse shaping. Additionally, we determined the rates achievabldovihéatency
ReedSolomon(544, 514, 15, 10) KP4 FEC is to be employed. Specifically when we

achieve an uncorrected BER d% 2“0
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6.2.2 Equalization

Fig. 6.9 Normalized VCSEL response, channel response, equalized channel re:
and 850nm optical spectrum.

The VCSELMMF channel response is primarily governed by the VC@Ad
receiver responses, Fig. 619ere, the steep channel responseafilbeyond 40GHz is
due to the receiver bandwidth. The low RIN, and high fidmarpled power allow the noise
limited equalization to provide >10dB net gain boost. Thus, due to the slow channel
response rolbff, linear equalization can effectively increa$e tchannel bandwidth of
VCSEL-MMF links by over 50%, Fig. 6.9As a result, modest linear equalization proves
to significantly increase the data rate. We note also the low modal dispersion of the fiber
ensures the RIN is not significantly worsened due ¢olendecorrelation. At the receiver,
we applied a Gap FFE filteroptimized for each bit rate through the software of the
UXR1102A. Additionally, é@-tapRC pulse shape filtevas applied at the transmitter with
0.3 rolloff to reduce spectrabccupancy We note that improvements in the receiver

bandwidth will allow equalization to larger channel bandwidths.

6.2.3 Results
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