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1. Introduction

The present section addresses selected topics related to the characterizationcofetional multimode
fibres and hollow core photonic bandgap fibfEse main objectives for this activity were:

1 To develop tools to analyze the longitudinal uniformity of long samples of low los®B{&EFs,
identifying the presence of any anomalies andestigate their nature and impact on the fibre
transmission properties.

1 To look at ways to characterize the quality of the preforms from whicPBGFs are drawn, aimed at
identifying the origin of the scattering defects.

1 To further expand the suite aidls available for the characterization of fibres relevant to the project. In
particular, to develop a fast S2 technique and a 2um OTDR technique.

One of the main objectives of the Modegap project is to demonstrate the feasibility of fabrication ehgtry |
lengths of ultrdow loss HCPBGF. In parallel with efforts to achieve a detailed understanding of the complex
dependence of the transmission loss on the fine details of the fibre structure, it is essential to look at how
consistently an optimizedrsicture can be maintained over midin lengths during the fibre draw process.

In section 2 we present the first ever systematic analysis of longitudinal disuniformities occurring in HC
PBGFs; though quite rare in good quality fibres, théiseniformities have potential to significantly affect the

loss and intermodal crosstalk and their elimination is a crucial step towards the ability to scale up the fibre yields
to beyond tens of km. In Section 3, we further progress by demonstratimgc¥mputational Tomography as a

very useful tool to correlate fibre anomalies with defects and imperfections within preforms and canes.

Section 4 describes an improvesbdal analysis method based on a wavelesgtpt $ technique. This
improvement open ughe possibility of much faster, close to real time analysis and could be applied to a number
of characterisation problems, including for instance the real time monitoring of the fabrication of fibre devices
based on multimode fibres (e.g. couples, splitasers etc.). Section 5 describes the development of a 2um
OTDR with dynamic range and longitudinal resolution not far from conventional instruments operating at more
standard telecom wavelengths and its application to the characterisation of solil@audbie fibres.

2. First Investigation of Longitudinal Defects in Hollow
Core Photonic BandgapFibres

2.1. Motivation and objectives

Hollow core photonic bandap fires (HGPBGFs) are highisk, highgain solution to the problem of
saturation of capacity ofonventional absolid fibres and thus to solve the predicted future grid lock and
capacity crunch of telecom networks [1]. They offer ultre nonlinearity and latency, with the potential for

wide bandwidth and ultrlow transmission loss [2]. HEBGFswith a length of several hundred meters and a

loss of a few dB/km have already been successfully demonstrated [3]. Amongst several challenges that are yet
to be tackled is the necessity to increase the fjeld per draw and to produce longerrébdengths (16100

km), which obviously need to be free from longitudinal defects that might otherwise adversely affect their
optical performance. Although not a frequent subject of discussion, longitudinal defects can occirBGHE

[4, 5] and indeed very feweports of fabrication of krscale lengths exist in the literatuss a result of our
continued efforts we have now substantially reduced the occurrence of these events, which on average are
observed with at a rate of 1 in a km to one in several km wptenum drawing conditions.

Page3 of 14 M



Multi-mode capacity enhancement with PBG fibre
Characterisation

-30

jas]
~

Typical HC-PBGFs

BS Power (dB)

0 100 200 300 400
Length (m)

Fig. 1 Examples of OTDR traces of a got and a defectivéb) HC-PBGF, respectively. Spikes in the backscattered
power correspond 1 d e f peintdséctionsalong the length of the fibnehere a higher fraction of the fundamental mode is
coupled to other modes which produces a higher backscattering.
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Optical time domain reflectometry (OTDR) is commonly used to study longitudinal variations and defects in
conventional singleand multimoddibres. The same technique can also be used to characteriBBBEs [6],

although care must be taken in the interpretation of results aBB@GF-s are usually femoded. The OTDR

trace in Fig. 1(a) is an example of a good quality, low lossPBGF. Figurel(b) shows, for illustration

e x amp | ere where sevemalespikes doeutd lzsclakteying drdmasttuturdl i b
defects can be seen. Clearly such defects have potential to introduce undesirable loss and power coupling

purposes, an

between ptical modes so a detailed investigation of their origin and characteristics is extremely important.

Here we report the first systematic study of defects inRFHBGFs aimed at identifying their origin and possible
ways to eliminate them. We examined a éargimber and variety of defects in HHBGFs using both OTDR
and direct imaging techniques to study their morphology and longitudinal characteristics. In 3eaioport
the application of a Xay Computational Tomographic (XCT) technique to trace tiggroof such defects back

to the various intermediate steps of fabrication.

2.2. Methods and summary of results

HC-PBGFs are fabricated via a tvgtage fabrication techniguevhich involves the manual assembly of a few

hundred higkguality glass capillaries d@nmultiple fibre draws

n

t he

fi

nal

stage,
placed in a jacketing tube and expanded while being stretched dowretsifib [7]. Their structure comprises a
complex web of interconnection rods only a few hundred nm in diangetdrtheir optical properties critically

mi

depend on the ability to optimize and maintain this complex structure highly consistent along the length of the

fibre, which requires ecurate control of holeressure as well as of the other draw parameters. Longitudinal
changes in the structure may in principle arise either due to some variation of draw parameters, or due to some
inhomogeneity in the original cane. These two broad categories are expectaeetoviely different time
constants, with the latter characterized by potentially very short time scales. Any suddadiahatic change

in the structure of a fite will in general cause some local light scattering, which can be detected as-a back
refledion in an OTDR measurement or by direct detection of side scattered intensity e.g. using an infrared (IR)

camera. While in principle both techniques can be used to locate the coarse position of a defect, in practice
OTDR measurements have a minimum spag¢isolution (~1m for our instrument) and are thus poorly stided
variationswith very short length scaler to accurately pinpoint the onset of a defétiis is illustrated in Fig 2

showing the OTDR trace of a 280 m long, 19 cell-PBGF including asingle reflection peak at4125m. The

inset shows an image of the fdacquired with an infraredameraInGaAs) Two white spots corresponding to

local scattering points are clearly detectable along the, filowever only oneorrelates with the positioof the

OTDR peak in the trace. No detectable OTDR event corresponds to the second scattering point, which indicates

that the defect occurs over length scales much shorter than the OTDR resolution and/or ‘nefiebtick
much lower than its minimum dattion level. On the other hand, we found that the IR camera can locate the

position of scatiring points with <mm precision
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Fig. 2: Comparative defect analysis via OTDR a@iebct imaging with an IR camera. The OTDR can only detect one
scatteringpoint, while the camera identifies two defects.

The ability to precisely locate the position of the onset of eefi®fect is paramount to investigate their
characteristics and longitudinal evolution. To cleave the filb a scattering point with the agacy required to

image a defect, we implemented the-getshown in Fig3(a). The filye, held inside the cleaver, is monitored
laterally with the IR camera while light is launched at one end. In this way we were able to cleaveethe fib
within ~10 um ofthe position of the scattering poimt. systematic analysis of tens of scattering points from
numerous fibes was performedising this approaciThree examples of different defects identified are shown in

Fig. 3(b). The first type (left) shows a transieimbalance in the differential pressure between core and
microstructured cladding, causing a sudden expansion of the core and associated uneven compression of the first
two rings surrounding it io-e epanded c or mthe s@ifideypetof detgdpge3)b), cente) two

of the cladding holes close to the core have over expande@ x p a h d e d . The third ¢ype (Fig8(b),e 0 )
right) appears to be the opposite of the first type, with a core collapse and correspondingly an overexpansion of
some core surrounding holésfi c o | | a p. ¢t shduldde mowa that in all these instances no appreciable
variation of the fibe draw paameters, and in particular core and cladding pressure areddfdometer, was
detected.

a
) Source

cleaver

23.3cm ~1.3s
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|
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Fig. 3: a) Schematic of the cleaving setup including direct visualization of defect point. b) Examples of three distinct types of
observed defects. c) Sequence obsrsectional images showing the longitudinal evolution of a defect inRBGF. d)
Schematic illustration of the defect formation and length scale during fiber draw (the numbers refers to the samples in c).

To investigate in more detail the origin of thieserved defectss a first stepo prevent their occurrence, we also
studied their longitudinal evolution along therfblt was immediately evident to us that defects appeared and
disappeared over length scales of very few mm, i.e. too short for aIndeager to be useable. Hence we
developed a custom built fib cleaver which allowed sectioning our ffis every 3 to 5 mm. The sequence of
images in Fig.3(c) illustrates the evolution of a defect of thee x panded cortype(FigBbH ed def ¢
centre). A schematic of the corresponding position along the draverifishown in Fig3(d). At position 1 the

fibre shows an unperturbed structure; less than 15 mm away from ther&gdFignage 2) is the onset of the
defect, with the two highligted corner holes undergoing an overexpansion; the tfilen enters a metstable
condition where the defective geometry does not substantially change: image 3 is taken 25mm away from image
2 and the defect remains unchanged for 193mm until sample 4esngagnd 6, obtained at 5 and 10mm away

from sample 4, respectively, show the rapid reversal of the defect back to normal structure. At drawing speed of
~10 meter per minute, the whole defect, from its beginning to its end would have only taken 1.3 s®econds
happen. Accounting for the draw down ratio, the defectives fingth corresponds to a length of just 54pum in

the preform from which the file is drawn, which strongly hint at the possibility of discrete, small scale glass
inhomogeneities or contamiti@an within the microstructured cane as the most likely cause of such defects.

2.3. Conclusions

The capability to fabricate defect free HHBGFs with length of several kilometers is a necessary target towards
the wider adoption of this technology for the neghgration of telecom networkiderewe investigated for the

first time the structural defects that occasionally arise in aPBGF, degrading their transmission properties
through increased loss and intermodal coupling, in order to identify their oridipcasible effective mitigation
techniques. To circumvent the limited spatial resolution of standard OTDR techniques, we used an IR camera to
precisely locate the scattering points along the fiber. Thensllimeter resolution offered by this approach
allows identification of clusters of finely spaced defects (which appear as a single unresolved peak in an OTDR
trace) or even defects that would be hidden in an OTDR trace. IR camera inspection combined with accurate
fiber cleaving enabled us to directly wadize and categorize the structural deformation of sefibrak at their

defects points. Different types of defects were identified and their longitudinal evolution was studied in more
detail (with one example reported here). The study highlightedsthattural defects can form and disappear

over very short time scales of the order of ~1s, corresponding to a few tens of um long sections in the fiber
preform. This provides a strong indication that inhomogeneities or contamination in the microstroaheed

from whichfibresare drawn rather than drawing parameter fluctuations are more likely to be responsible for the
def ect dmssecton B the davelopment of a technique suitable to identify structural defects in all the stages
of the fabricatiorof HC-PBGFs will be reported.

2.4. Key Results

91 Development of a side illumination technique to identify defect position iHPBGFs and assessment of its
performance in relation to OTDR measurements.

9 First characterization of the main defect types occurringGrPBGFs
First study of the longitudinal evolution of such defects: onset, length scale and recovery.
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3. X-Ray Tomography for Structural Analysis of Hollow
Core Photonic BandgapFibres and Preforms

3.1. Introduction

The structural consistency, both cr@estional and longitudinal, of the optical preforms from which Hollow
core Photonic Bandgap Fibres (HRBGFs)determines to a very large extent the quality of the final fibre and
often al® significantly impactghe stabiliy of the fabrication process itselfhe dructural analysis of a fibre

along its lengthwhich has been described in Sectigrp®videssomeinformation about thereform quality

and thefabrication process However,it is extremely difficult, if not impossible, to determine the origin of
inconsistencies observed in the final fibre by unequivocally associating them with problems in the preform on
the basis of the sole analysis of the fibre consistency, and thus edidtadwledge of the quality of the
preform (in the case of the HEBGF, of both first and second stage preforms) is param@snHC-PBGF
preforms are higlvalue items, the neform analysis sbuld ideally be notdestructivemore importantlya non
destructive method woulenable fibreo be drawrfrom the same preform, thus improving the ability to identify
correlations between anomalies in the preform and in the fibrthe case of HIPBGFs such correlation
analysis presentsewy substantial challengedue to the complex structure and fabrication procedure involving
multiple stepsin this sectionwe present the first use of X-ray computational tomography (CT) to inhege
internal structure of HC-PBGFand their preforms in a nedestructive fashionin addition, we demonstrate
application of the technique to understand the internal deformations caused during the splice process of
HC-PBGFs.

3.2. Methodology

Optical and electron microscopy are the most common techniques of structural inspection of optical fibres.
These techniques however require clear line of sight to the target under inspection. Therefore, to image the
internal structure of the fibre or prefo, one should create a flat cross section (e.g. by cleaving). Cutting HC
PBGF preforms and canes, apart from being very difficult in practice, is clearly undesirable, as the preform
could no |l onger be wused. Fur t hes vengdocadized in the londitweinat a s e
dimension), the cleaving/cutting approach ultimately limits the spatial resolution at which the structural change
could be analysed [1] (for instance, the number of sequential fibre cleaves per unit length is ipitedtice

to ~ 0.4/mm). Moreover, the presence of orientation dependent features, such as twist, are difficult to capture
using sequential cleaveSomputational tomography (CT9 a method to obtain three dimensional density data

of a sampleAmong X-ray visible light and acoustic CT methods the first two provide the highest geometric
detail [2] - about 1um for visible light tomography. Visible light methods are however limited to rather low
refractive index changes in the internal structure of the sample, therefore they are unsuitable for analysis of
microstructured fibre samples comprising ladles in a glass matrix. X-ray CT, however, does not require any
modification of the sampleConventional 2D radiographs capture the X-ray density of the sample from
hundreds of different angles. The data is then reconstructed into a 3D data set witxehdpixel in 3D

space) containing a value of the X-ray density of that location in space. This method can capture complex
internal geometries where there is sufficient contrast between material dergit\& [report measurements
performed at the p-M5 centre at the University of Southampton using 225kV Nikon HMX ST and Zeiss Xradia
Versa 510 machineslerewe provide the first demonstration of tties technique for the analydisr bothHC-

PBGF preformrs, canes and fibreshowing that it enables natestructive measurements that simply cannot be
obtainedby other means.

3.3. XCT analysis of HC-PBG preform, canes and fibres

XCT methods allow observation of the internal structure of preforms, canes and fibres, to investigate their
structural uniformity in thee dimensions. Indeed, advances in tomography methods have enabled high
resolution imaging not only of the cross section of fibres but also in the longitudinal direction. We believe that
no other method can offer better resolution than XCT for the asadfshe longitudinal directiorkig. 4 shows
the result of a CT scan of each key fabrication stage for a typical HC-PBGF. Tomographic imaging of the
preform, Fig.4(a), allows the identification of longitudinal inconsistencies in the arrays of capil{ageswist,
bend or drift). In addition, one should be able to identify contamination (based on shape or material density),
and/or failure of any capillaries (crack8y the way of an examplehe reconstructed image in Fig. 4&dows
an example of arpform witha drift in thearrangemenof the glass capillarieim the very outer ringThis type
of analysis may thus enable substantially improved time and cost management of the fibre fabrication process.
Fig. 4 (b) shows anX-ray CTo f a fi ¢ henpeoduct ofithe éntermédiate drawing stage of the primary
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preform, and confirms the excellent consistency and uniformity of the structure. The voxel size and scan length
are 3.35um and 3.39mm respectivdly.Fig. 4 (c) an image of a 19-cell HC-PBGF isegented with a quarter
cutaway. The voxel size this case is equal to 0.4& and the scan length is 407um. In all of these images
contamination and structural defects larger than a vasetetectable provided that it is characterized by a
sufficient density contrastThe nsitivity to the density of materials is another advantageQ¥, which we

have explored for the study of contamination within the preforms, canes and fibreS.(&jgshows a high

density contaminant in between the outer rifighe microstructure cladding and the jacketing glass in a cane.
The feature is consistent with a metal particle, which may have been inadvertently incorporated during the
preform assembly.

Fig. 4: XCT analysis of the fabrication stages of a-PBGF, kft to right: a) firststage preform of a 37-cell
hollow core incorporating a core tukedislocation in the arrangement of the glass capillaries
in the outer ring ikighlighted b) reconstructed image of tlvaneobtained by drawing &9-cell
hollow corefirst stage prefan; and c) a 19-cell hollow core photonic band gap fibre.

Fig. 5: a) Example of a higfdensity particle unintentionally incorporated in a caadikely result of contamination
during manual assembly of the first stage prefdshpand c) refer to the analysis of a HHBGF sel{splice;
b) visualization of theavity forming atthe splice pointdue to cavingn of the microstructure under heat.
c) Detailed3D tomographic image dhe HGPBGF selfsplice

3.4. XCT analysis of a HGPBGF self-splice

Fusion splicing is the conventional method of joining two optical fibres together wittrdowmissiorioss. The
technologycan be adapted to produce the much more challenging splices between a solid fibre arB@MFIC

or between two HEPBGFs. Low loss and robust HC-PB@&B-HC-PBGF or HEPBGF to solid fibre splices

have been demonstratgd] but careful choice of the splice recipe in order to avoid damage to the
microstructure (and thus undesirable levels of loss and mode couplisggssentl. Some qualitative
information on the effect of the splice can be gained e.g. from side imaging of the splice or by carefully
breaking and inspecting the splice point, however thisnie consuming anthsufficient for the optimisation of

the splice proess XCT imaging,on the other handffers the ability to investigate the quality of the bond and

to explore the induced structural deformation with unprecedented detail. To illustrate this we used the Xradia
Versa with a voxel size of ®m to study tle structural changes induced in fusion splicing of two HC-PBGFs.
Quantitative data about the impact of the splicing process on the structure of the fibres on either side of a splice
were obtainedA previously reported splice recips] was usedor this gudy. Fig. 5 (b and c) shows thECT
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reconstructed image of a spliée,whicha quarter of the structure is clipped out to expose the internal structure
of the fibre. The outer diameter of the fibres is 211um £ 0.7um. The position fithés visibleatthe centre

of the imagewherethe solid glass peripheral sections of the fibre are fused togétherheatiepositeciuring

the splice causes the microstructure to retract slightly into the respective fibres leaviragl eavity in the
cladding regdn of each fibrewith depthvarying between 0 and 21unThe 3D data set of the splice contains
vast amounts of informatioon the minute details of such deformatidihe impact othe cleave quality on the
strength of the bondan also be observed frometeconstructed imagéhe uneven features on the cleaved
faces caused a gap the bond between the fibres. A small gsoal§ misalignment of the cladding boundaries

can also belearly seerfrom the dataand theconcentricity of the coréo-core alignmengarealso measurable.
Structural deformations due to the heating can be observed in the data up to 165um before and after the splice
joint. For exampleye estimated thahe core expanded from a nominal 38um iqueh near the join over this
distance scale. Correlatidretween the structural distortions and the splicing parameters at various stages of the
process can help to optimise the splicing recipe

3.5. Conclusions

We have describedhe first application of X-ray @mputationalTomography (XCT)to inspect the internal
features of HC-PBGFs and their prefornihis technique open up the possibility to routinely and-non
destructively analyse the structural quality and integrity of viglne items such as first and sedostage
preforms, and thus to increase the success rate of fibre draws and their yield, by helping to identify defective
material before it is drawn into fibr&loreover, we have applied this techniquehe problem o¥/isualizing the
self-splice of a HEPBGF and characterize the small scale structural deformations associated with it, as a first
step to further optimize the splice proce$his technique unveils structural changes induced by the splice
process hidden to other inspection methods. Ourteeglulstrate the capability and value of usingay CT
techniques in the ongoing refinement of various aspects of MOF fabrication and technology.

3.6. Key Results

A Demonstration of mX-ray Computational technique to analyze-R8G preforms, canes and filsrand of
its suitability to identify structural inconsistencies and defects such aslbigdity inclusions.

A Demonstration of XCT for imaging and characterization of aRBGF selfsplice
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4. Towards RealTime Mode Content Characterization of
Multimode Fibres

4.1. Introduction

Multimode (MM) fibresarea topic ofgreatinterest recently due to their use in mode division multiplexing for
increased data capacity transmission, and in high power laser systems to redliceana@ffects. Therefore,

there is aneed to develop MM fite modal characterization methods that are fast and stable, and that have both
high resolution and a high dynamic range. In recent years, interferotiaséd methods have shown the most
promise due to their high accuracy and theartgnt advantage that no prior knowledge of theefib required.

Within this category the current forerunner is Spatial and Spectral imégfin], using a tunabléaser source

(TLS) and CCD camera to capture the variation of spatial amplitude over frequency, Fig.la. It measures
differential group delay (DGDYglative modal power (MPEG*log;o[LPHowm/LPo;]) Values and provides images

of both the intensity and the a&e of the higher order modes relative to the fundamental mode. The maximum
DGD that can be measured is currently limited by the spectral resolution and linewidth of the TLS used; to date
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4000ps is the largest delay repor{@fl However, the Stechniquehas two key limitations. It typically takes
minutes for a single measuremeadadditionalpeaks(not directly related to higher order modes of the fibre
under testhre often observedhat can limit the dynamic rang€he sampling speed of the techrégslimited

to a few hundred wavelengths in a feminutes,which implies that as long asn hour ofmeasuremenis
required to obtaithe highest resolutiospectrogram§3]. Furthermore, anyariation in the detected power over
time will bemeasured as @éhange in power over frequenapd thusalso add noise in the DGD grag@purious
peaks can bdividedinto two categoriebased on their origin; the first result framerference between higher
order mode$4] whenthe dominant fundamental mode requisgthisbroken, and the second afee to effects
introduced by the equipment uséslich as multiple reflections from optical elemerit$jis paper, to the best of
our knowledge reports the first $based system with a neaeattime single measurement cagty (1s),
providing an equivalent 1i®ld improvement irmeasurement capture speed relative tacthieent statef-the-
art[5]. Furthermore, wédentify the physical origins of spuriogystematic double reflection peaks in our data
and present a soloh for their removal.

4.2. Near-real Time Measurements

The conventional Smeasuremer(Fig 6(a))tunes theTLS to one wavelength, which is then launchet the
FUT and the output imaged by a C€Bmera. The TLS is fieined and another image then taken, Figeb
(blue). This process ieepeated until images at all the requinedvelengths have been measured. The fastest
reported system to date took 100 measureniar2® second$§5] (4.5 frames/s). The time pemeasurement is
predominantly dtermined bythe need to command the TLS to tune to aattle at a new wavelength each
frame. Thidimitation is removed in our method; instead TeS is rapidly scanned across the fukasurement
bandwidth with a single commarahd the CCD is triggeretb record images at sattervals, based on the
desired resolution, whicleaptures an image, Fig. 1b (red). The odhawback is that scanning the laser
increaseghe effective linewidth of the laser (from 0.8fm @5pm [due to the 1ms integration timé aur
CCD]). Yet, this is still smaller than the TLBavelength resolution (1pm), so does not afteet maximum
DGD value. To date we hawachieved data capture of 500 frames in saeond, giving a 110x increase in
wavelengthcapture rate over the curtestate of the art fom singleshot measurement.
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Fig. 6: Left- (@) Schematicof$s et up; (b) Comparison betweenwanseipeddgtdh speed
method (ble trace) and the new wavelengtivept method (red trace) described in this work. Right: Comparison
between & repeated measurements using a convention@l&e ine) and new method (red line),
showing substantially improved consistency between different measotgeand the ability
to discernmore accurately weaker features at larger DGD values.

With this change iimethod, we have developed a system allowiegrreattime monitoring of the system
undertest. It has the ability to process the DGD grapl®.8s with a 7s DGD grapbpdate rate. Thenain
limitation on the repetition rate is waitirigr the TLS to return back to its starting positidinis time could be
halved if data was taken dyth passes of the measurement bandwigitithermore, the wait time could be
more substatially removed using multiplesynchronized scanning lasers, allowing thethod to produce real
time results. Withouinline data processing we have obtained upa®00 wavelengths in a single sweep, (total
time 40s), giving the possibility of a prazai singleshot, highresolution spectrogram. Ofaster system has
many advantages comparéd a typical $ implementation such as: highéotal frame number per unit
measurement timeeduced temporal noise and increasgghsurement rate. The reduced tese opensa new
arrayof possible measurements, engonitoring he manufacturing of MM devices. To illustrate the effect that
increasing theneasuremergpeed has on the DGD graph, ourdimodechamcterization technique was used
characterize a twmode fiber§ TMF). Themeasurment range was 1548665nm with40pm resolutin. Light
was launched into thEMF by buttcoupling from a standard singteode fitre (SMF). The mode field diameter

( MFED) mismatch ( TMFm&mbled simultanedukEitatibroof Hoth LB, and LR; modes.
The modal coupling wasontrollable and monitoring was done in nesaittime, as made possible by the speed
improvement oféred by our new technique. Fiwveadings were taken with the standard rethod (1

PagelOof 14 M SDE
GAP



Multi-mode capacity enhancement with PBG fibre Public Deliverable P16 January 2015: Few Mode Fiber
Characterisation

wavelength every 1.5s), awdmparedwith five readings from the nemethod (1 wavelegth every 0.02s), Fig.
6(right). The new method lsows suppressed noise floor anighly repeatableesults that the new technique
offers, compared to the conventional 82thod.This repeataliity is further demonstrated bplotting MPI
values as &unction ofmeasurement statime in Fig.6(right). Given thisis a TMF, the number gieaks seen in
Fig. 6is unexpected, leading the conclusion tht both techniques arefeétedby spurious interference peaks.

4.3. dentify the presence and Origin of spurious features in a‘dVleasurement.

Four lengths of stefindex, TMF weremeasured, withengths 2, 4, 10 and 22m, usitige new metbd (501
wavelengths cered at1550nm). Thespectral redation and bandwidthvaried from 680pm and 340nm
respectively, tensure tB normalized differential grougesolution (0.1ps/m) was kept constant, whiehified
the DGD of the LB-LP;; modes to b&.3ps/m in & measurements. To distinghibetween sptious peaks and
useful data weemoved the fire length normalization on thBGD, Fig. 3a;clearly many interference peaks
occurringfrom 5.750ps show the same DGD regardless of thee fdngth.

Fig. 7: Systematic analysis of equipmenetated features (spurious peaks) in the S2 spectra ofmtae fibre (TMF): (a)
&% of TMF samples of different length (2, 4, 10 and 22m); (b) Baseline analysis using: no FUT and SMF as FUT to identify
origin of peaks; (c) TheZprofile of an SMF is used to correct for spurious peaks in toé & TMF.

To establishhe origin of the spurious pealsge carried otitwo measurements withsamplified configuration
i.e. by adoption a length of SMF as the FUT and by directing thedlitfut onto the CCD with no imaging
optics Fig. 7b). Both measurements had a 158850nm landwidth and a 20pm resolutiogiving a 0.82ps
delay resolution. Peaks at 4.6, 8, 13.8,9, 2.6ps £0.4ps are common to batieasuements and correspond to
doubk reflections fom the CCD. Further reflectigmeaks at 32,@2, 45 and 46.7ps £ 0.4ps wdoeind tobe
due to reflections from theicroscope objective lens used foagnificdion. Other peaks at higher DGRlues
have also been measured adrespondd multiple double reflections frorthe previously mentioned sources.
More generall, double reflections can occwithin and béween any optics in the systeior a TLS with
maximum resolution of 1pm, thimeans reflectins from gaps of up to 600mm a&ir and 4@mm for glass with
n=1.5 can bealetected. Give the dispersive nature of magptical components, the dela§ thesesystematic
spurious peaks will change asfunction of waelength and therefore they mus¢ characterizk using a
spectrogram approacH.unaccounted for,reflectionpeaks of the L3 modes will limit the useablparameters
for a given measurement, in thisase DGDsver 50ps. For MMibres, eachguided mode auld be reflected
from the samesources leadingto possible incorrectdentification of the true modal interferengeeaks, or
overlap between spurious and real peaks. This caxgtd pp and/or widen thaterference peakand distort the
intensity andohase imagesf the DGD resolution is coarsas b the case of some previously publisi®data
Fig. 7a(22m), the refleion peaks will not be properkesolved thus degrading the measuremeigefloor, in
this caseby 10dB; this could wrongly battributed to digibuted scattering between th&,, and LR; modes.
Renoving the spurious peaks can aehievel by changing components andapplying ketter antireflection
coatings.However, thidgs not always possible. Anotharethod is to nmerically remove the systematieaks,
as they Wl appear at the same relatitiene andwith the same magnitude in eacteasuremeniThis is shown
using a TMF, Fig7c, where the DGD measuremerita SMF issubtracted fom the FUT results to produce a
corrected DGD estimate.

4.4. Conclusions.

We have devejped a file modal characterization method based on the t&hnique that can take a
measurement witB01 wavelengths in 1s. This, alongside inldaa processing, opens up the prospect of near
real time modal characterization. With thi/stem, we havetidied and removed thgystematic spurious
double reflection peaksresent in our measured DGD data therihyroving the quality and reliability of our
results.
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