
 
 

 

 

Project: FP7-258033 MODE-GAP 
 
 

Multi-mode capacity enhancement with PBG fibre 
 

Project start date: 1st October 2010  
Project completion date: 31st March 2015 

 
 
 
 

Deliverable P16 
 

Few Mode Fibre Characterisation 
 

January 2015 
 
 

  
  
  
  
  
  
  
 

 
Dissemination Level 

PU Public X 

PP Restricted to other programme participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  

 



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

 

Page 2 of 14 
 

 

Contents 
1. Introduction .................................................................................................................................... 3 

2. First Investigation of Longitudinal Defects in Hollow Core Photonic Bandgap Fibres .................... 3 

2.1. Motivation and objectives ...................................................................................................... 3 

2.2. Methods and summary of results ........................................................................................... 4 

2.3. Conclusions ............................................................................................................................. 6 

2.4. Key Results .............................................................................................................................. 6 

2.5. References .............................................................................................................................. 6 

3. X-Ray Tomography for Structural Analysis of Hollow Core Photonic Bandgap Fibres and 

Preforms .................................................................................................................................................. 7 

3.1. Introduction ............................................................................................................................ 7 

3.2. Methodology ........................................................................................................................... 7 

3.3. XCT analysis of HC-PBG preform, canes and fibres ................................................................. 7 

3.4. XCT analysis of a HC-PBGF self-splice...................................................................................... 8 

3.5. Conclusions ............................................................................................................................. 9 

3.6. Key Results .............................................................................................................................. 9 

3.7. References .............................................................................................................................. 9 

4. Towards Real-Time Mode Content Characterization of Multimode Fibres .................................... 9 

4.1. Introduction ............................................................................................................................ 9 

4.2. Near-real Time Measurements ............................................................................................. 10 

4.3. Identify the presence and Origin of spurious features in a S2 Measurement. ..................... 11 

4.4. Conclusions. .......................................................................................................................... 11 

4.5. Key Results ............................................................................................................................ 12 

4.6. References ............................................................................................................................ 12 

5. First DemƻƴǎǘǊŀǘƛƻƴ ƻŦ ŀ н˃Ƴ-OTDR and Its Use In Photonic Bandgap CO2 Sensing Fiber ......... 12 

5.1. Introduction .......................................................................................................................... 12 

5.2. Experimental Layout ............................................................................................................. 12 

5.3. Results and discussion .......................................................................................................... 12 

5.4. Conclusions ........................................................................................................................... 14 

5.5. Key Results ............................................................................................................................ 14 

5.6. References ............................................................................................................................ 14 

 

 



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

 

Page 3 of 14 
 

 

1. Introduction  
 

The present section addresses selected topics related to the characterization of both conventional multimode 

fibres and hollow core photonic bandgap fibres. The main objectives for this activity were: 

 

¶ To develop tools to analyze the longitudinal uniformity of long samples of low loss HC-PBGFs, 

identifying the presence of any anomalies and investigate their nature and impact on the fibre 

transmission properties. 

¶ To look at ways to characterize the quality of the preforms from which HC-PBGFs are drawn, aimed at 

identifying the origin of the scattering defects. 

¶ To further expand the suite of tools available for the characterization of fibres relevant to the project. In 

particular, to develop a fast S2 technique and a 2µm OTDR technique. 

 

One of the main objectives of the Modegap project is to demonstrate the feasibility of fabrication of very length 

lengths of ultra-low loss HC-PBGF. 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 optimized structure can be maintained over multi-km 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, these disuniformities 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 demonstrating X-ray computational Tomography as a 

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

Section 4 describes an improved modal analysis method based on a wavelength-swept S
2
 technique. This 

improvement open up the 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, splices, tapers etc.). Section 5 describes the development of a 2µm 

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 solid and hollow core fibres. 

 

 

 

2. First Investigation of Longitudinal Defects in Hollow 

Core Photonic Bandgap Fibres 
 

2.1. Motivation and objectives 

Hollow core photonic band-gap fibres (HC-PBGFs) are high-risk, high-gain solution to the problem of 

saturation of capacity of conventional all-solid fibres and thus to solve the predicted future grid lock and 

capacity crunch of telecom networks [1]. They offer ultra-low nonlinearity and latency, with the potential for 

wide bandwidth and ultra-low transmission loss [2]. HC-PBGFs with 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 fibre yield per draw and to produce longer fibre lengths (10-100 

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 occur in HC-PBGFs 

[4, 5] and indeed very few reports of fabrication of km-scale lengths exist in the literature. As 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 under optimum drawing conditions. 
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Fig. 1: Examples of OTDR traces of a good (a) and a defective (b) HC-PBGF, respectively. Spikes in the backscattered 

power correspond to ñdefectò points/sections along the length of the fibre where a higher fraction of the fundamental mode is 

coupled to other modes which produces a higher backscattering. 

Optical time domain reflectometry (OTDR) is commonly used to study longitudinal variations and defects in 

conventional single- and multimode fibres. The same technique can also be used to characterize HC-PBGFs [6], 

although care must be taken in the interpretation of results as HC-PBGFs are usually few-moded. The OTDR 

trace in Fig. 1(a) is an example of a good quality, low loss HC-PBGF. Figure 1(b) shows, for illustration 

purposes, an example of a particularly óbadô fibre, where several spikes due to back-scattering from structural 

defects can be seen. Clearly such defects have potential to introduce undesirable loss and power coupling 

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

Here we report the first systematic study of defects in HC-PBGFs aimed at identifying their origin and possible 

ways to eliminate them. We examined a large number and variety of defects in HC-PBGFs using both OTDR 

and direct imaging techniques to study their morphology and longitudinal characteristics. In section 3 we report 

the application of a X-ray Computational Tomographic (XCT) technique to trace the origin of such defects back 

to the various intermediate steps of fabrication. 

2.2. Methods and summary of results 

HC-PBGFs are fabricated via a two-stage fabrication technique, which involves the manual assembly of a few 

hundred high-quality glass capillaries and multiple fibre draws. In the final stage, microstructured ñcanesò are 

placed in a jacketing tube and expanded while being stretched down to fibre size [7]. Their structure comprises a 

complex web of interconnection rods only a few hundred nm in diameter, and their optical properties critically 

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

fibre, which requires accurate control of hole pressure 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 expected to have widely different time 

constants, with the latter characterized by potentially very short time scales. Any sudden, non-adiabatic change 

in the structure of a fibre will in general cause some local light scattering, which can be detected as a back-

reflection 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 spatial resolution (~1m for our instrument) and are thus poorly suited for 

variations with very short length scale or to accurately pinpoint the onset of a defect. This is illustrated in Fig 2, 

showing the OTDR trace of a 280 m long, 19 cell HC-PBGF including a single reflection peak at L=125m. The 

inset shows an image of the fibre acquired with an infrared camera (InGaAs). Two white spots corresponding to 

local scattering points are clearly detectable along the fibre, however only one correlates with the position of 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 has back-reflection 

much lower than its minimum detection level. On the other hand, we found that the IR camera can locate the 

position of scattering points with <mm precision. 
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Fig. 2: Comparative defect analysis via OTDR and direct imaging with an IR camera. The OTDR can only detect one 

scattering point, while the camera identifies two defects. 

The ability to precisely locate the position of the onset of a fibre defect is paramount to investigate their 

characteristics and longitudinal evolution. To cleave the fibre at a scattering point with the accuracy required to 

image a defect, we implemented the set-up shown in Fig. 3(a). The fibre, 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 cleave the fibre 

within ~10 µm of the position of the scattering point. A systematic analysis of tens of scattering points from 

numerous fibres was performed using this approach. Three examples of different defects identified are shown in 

Fig. 3(b). The first type (left) shows a transient imbalance 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 (ñover-expanded coreò defect type). In the second type of defect (Fig. 3(b), centre) two 

of the cladding holes close to the core have over expanded (ñexpanded corner holeò). The third type (Fig. 3(b), 

right) appears to be the opposite of the first type, with a core collapse and correspondingly an overexpansion of 

some core surrounding holes (ñcollapsed coreò). It should be noted that in all these instances no appreciable 

variation of the fibre draw parameters, and in particular core and cladding pressure and fibre diameter, was 

detected. 

 



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

 

Page 6 of 14 
 

 

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 of cross sectional images showing the longitudinal evolution of a defect in a HC-PBGF. 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 the observed defects as a first step to prevent their occurrence, we also 

studied their longitudinal evolution along the fibre. It was immediately evident to us that defects appeared and 

disappeared over length scales of very few mm, i.e. too short for a normal cleaver to be useable. Hence we 

developed a custom built fibre cleaver which allowed sectioning our fibres every 3 to 5 mm. The sequence of 

images in Fig. 3(c) illustrates the evolution of a defect of the ñexpanded corner holeò defect type (Fig. 3(b)-

centre). A schematic of the corresponding position along the drawn fibre is shown in Fig. 3(d). At position 1 the 

fibre shows an unperturbed structure; less than 15 mm away from there (Fig.3(c), image 2) is the onset of the 

defect, with the two highlighted corner holes undergoing an overexpansion; the fibre then enters a meta-stable 

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 4. Images 5 and 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 seconds to 

happen. Accounting for the draw down ratio, the defective fibre length corresponds to a length of just 54µm in 

the preform from which the fibre is drawn, which strongly hint at the possibility of discrete, small scale glass 

inhomogeneities or contamination within the microstructured cane as the most likely cause of such defects. 

2.3. Conclusions 

The capability to fabricate defect free HC-PBGFs with length of several kilometers is a necessary target towards 

the wider adoption of this technology for the next generation of telecom networks. Here we investigated for the 

first time the structural defects that occasionally arise in a HC-PBGF, degrading their transmission properties 

through increased loss and intermodal coupling, in order to identify their origin and possible 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. The sub-millimeter 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 visualize and categorize the structural deformation of several fibres 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 highlighted that structural defects can form and disappear 

over very short time scales of the order of ~1s, corresponding to a few tens of µm long sections in the fiber 

preform. This provides a strong indication that inhomogeneities or contamination in the microstructured cane 

from which fibres are drawn rather than drawing parameter fluctuations are more likely to be responsible for the 

defectôs origin. In section 3 the development of a technique suitable to identify structural defects in all the stages 

of the fabrication of HC-PBGFs will be reported. 

2.4. Key Results 

¶ Development of a side illumination technique to identify defect position in HC-PBGFs and assessment of its 

performance in relation to OTDR measurements. 

¶ First characterization of the main defect types occurring in HC-PBGFs 

¶ 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 Bandgap Fibres and Preforms 
 

3.1. Introduction  

The structural consistency, both cross-sectional and longitudinal, of the optical preforms from which Hollow 

core Photonic Bandgap Fibres (HC-PBGFs) determines to a very large extent the quality of the final fibre and 

often also significantly impacts the stability of the fabrication process itself. The structural analysis of a fibre 

along its length, which has been described in Section 2, provides some information about the preform quality 

and the fabrication 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 a detailed knowledge of the quality of the 

preform (in the case of the HC-PBGF, of both first and second stage preforms) is paramount. As HC-PBGF 

preforms are high-value items, the preform analysis should ideally be non-destructive; more importantly, a non-

destructive method would enable fibre to be drawn from the same preform, thus improving the ability to identify 

correlations between anomalies in the preform and in the fibre. In the case of HC-PBGFs, such correlation 

analysis presents very substantial challenges due to the complex structure and fabrication procedure involving 

multiple steps. In this section we present the first use of X­ray computational tomography (CT) to image the 

internal structure of HC­PBGFs and their preforms in a non-destructive fashion. In addition, we demonstrate 

application of the technique to understand the internal deformations caused during the splice process of 

HC­PBGFs. 

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 preform, 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 longer be used. Furthermore, in the case of a ñpointò defect (i.e. very localized in the longitudinal 

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 limited in practice 

to ~ 0.4/mm). Moreover, the presence of orientation dependent features, such as twist, are difficult to capture 

using sequential cleaves. Computational tomography (CT) is a method to obtain three dimensional density data 

of a sample. Among X­ray, visible light and acoustic CT methods the first two provide the highest geometric 

detail [2] - about 1µm 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 air holes in a glass matrix. X­ray CT, however, does not require any 

modification of the sample. Conventional 2D radiographs capture the X­ray density of the sample from 

hundreds of different angles. The data is then reconstructed into a 3D data set with each voxel (pixel in 3D 

space) containing a value of the X­ray density of that location in space. This method can capture complex 

internal geometries where there is sufficient contrast between material densities [3]. We report measurements 

performed at the µ­VIS centre at the University of Southampton using 225kV Nikon HMX ST and Zeiss Xradia 

Versa 510 machines. Here we provide the first demonstration of the this technique for the analysis for both HC-

PBGF preforms, canes and fibre, showing that it enables non-destructive measurements that simply cannot be 

obtained by 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 three 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 analysis of the longitudinal direction. Fig. 4 shows 

the result of a CT scan of each key fabrication stage for a typical HC­PBGF. Tomographic imaging of the 

preform, Fig. 4(a), allows the identification of longitudinal inconsistencies in the arrays of capillaries (i.e. twist, 

bend or drift). In addition, one should be able to identify contamination (based on shape or material density), 

and/or failure of any capillaries (cracks). By the way of an example, the reconstructed image in Fig. 4(a) shows 

an example of a preform with a drift in the arrangement of the glass capillaries in the very outer ring. This type 

of analysis may thus enable substantially improved time and cost management of the fibre fabrication process. 

Fig. 4 (b) shows an X­ray CT of a ñcaneò, i.e. the product of the intermediate 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 3.35µm and 3.39mm respectively. In Fig. 4 (c) an image of a 19­cell HC­PBGF is presented with a quarter 

cut-away. The voxel size in this case is equal to 0.42µm and the scan length is 407µm. In all of these images 

contamination and structural defects larger than a voxel are detectable, provided that it is characterized by a 

sufficient density contrast. The sensitivity to the density of materials is another advantage of XCT, which we 

have explored for the study of contamination within the preforms, canes and fibres. Fig. 5 (a) shows a high-

density contaminant in between the outer ring of the 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 HC-PBGF, left to right: a) first stage preform of a 37­cell  

hollow core incorporating a core tube; a dislocation in the arrangement of the glass capillaries  

in the outer ring is highlighted; b) reconstructed image of the cane obtained by drawing a 19­cell  

hollow core first stage preform; and c) a 19­cell hollow core photonic band gap fibre. 

 

 

Fig. 5: a) Example of a high-density particle unintentionally incorporated in a cane - a likely result of contamination 

during manual assembly of the first stage preform. b) and c) refer to the analysis of a HC-PBGF self-splice; 

b) visualization of the cavity forming at the splice point due to caving-in of the microstructure under heat. 

c) Detailed 3D tomographic image of the HC-PBGF self-splice. 

 

3.4. XCT analysis of a HC-PBGF self-splice 

Fusion splicing is the conventional method of joining two optical fibres together with low transmission loss. The 

technology can be adapted to produce the much more challenging splices between a solid fibre and a HC-PBGF, 

or between two HC-PBGFs. Low loss and robust HC­PBGF-to-HC­PBGF or HC-PBGF to solid fibre splices 

have been demonstrated [4] but careful choice of the splice recipe in order to avoid damage to the 

microstructure (and thus undesirable levels of loss and mode coupling) is essential. 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 this is time consuming and insufficient for the optimisation of 

the splice process. XCT imaging, on the other hand, offers 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 0.72µm to study the structural changes induced in fusion splicing of two HC­PBGFs. 

Quantitative data about the impact of the splicing process on the structure of the fibres on either side of a splice 

were obtained. A previously reported splice recipe [5] was used for this study. Fig. 5 (b and c) shows the XCT 
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reconstructed image of a splice, in which a quarter of the structure is clipped out to expose the internal structure 

of the fibre. The outer diameter of the fibres is 211µm ± 0.7µm. The position of the joint is visible at the centre 

of the image, where the solid glass peripheral sections of the fibre are fused together. The heat deposited during 

the splice causes the microstructure to retract slightly into the respective fibres leaving a small cavity in the 

cladding region of each fibre, with depth varying between 0 and 21µm. The 3D data set of the splice contains 

vast amounts of information on the minute details of such deformation. The impact of the cleave quality on the 

strength of the bond can also be observed from the reconstructed image: the uneven features on the cleaved 

faces caused a gap in the bond between the fibres. A small (µm-scale) misalignment of the cladding boundaries 

can also be clearly seen from the data, and the concentricity of the core-to-core alignment are also measurable. 

Structural deformations due to the heating can be observed in the data up to 165µm before and after the splice 

joint. For example, we estimated that the core expanded from a nominal 38µm to 41µm near the join over this 

distance scale. Correlation between 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 described the first application of X­ray Computational Tomography (XCT) to inspect the internal 

features of HC­PBGFs and their preforms. This technique open up the possibility to routinely and non-

destructively analyse the structural quality and integrity of high-value items such as first and second stage 

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 fibre. Moreover, we have applied this technique to the problem of visualizing the 

self-splice of a HC-PBGF and characterize the small scale structural deformations associated with it, as a first 

step to further optimize the splice process. This technique unveils structural changes induced by the splice 

process hidden to other inspection methods. Our results illustrate the capability and value of using X-ray CT 

techniques in the ongoing refinement of various aspects of MOF fabrication and technology. 

 

3.6. Key Results 

Å Demonstration of an X-ray Computational technique to analyze HC-PBG preforms, canes and fibres and of 

its suitability to identify structural inconsistencies and defects such as high-density inclusions. 

Å Demonstration of XCT for imaging and characterization of a HC-PBGF self-splice. 
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4. Towards Real-Time Mode Content Characterization of 

Multimode Fibres 
4.1. Introduction  

Multimode (MM) fibres are a topic of great interest recently due to their use in mode division multiplexing for 

increased data capacity transmission, and in high power laser systems to reduce non-linear effects. Therefore, 

there is a need to develop MM fibre modal characterization methods that are fast and stable, and that have both 

high resolution and a high dynamic range. In recent years, interferometric-based methods have shown the most 

promise due to their high accuracy and the important advantage that no prior knowledge of the fibre is required. 

Within this category the current forerunner is Spatial and Spectral imaging (S
2
) [1], using a tunable laser source 

(TLS) and CCD camera to capture the variation of spatial amplitude over frequency, Fig.1a. It measures 

differential group delay (DGD), relative modal power (MPI=10*log10[LPHOM/LP01]) values and provides images 

of both the intensity and the phase 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 reported [2]. However, the S
2
 technique has two key limitations. It typically takes 

minutes for a single measurement, and additional peaks (not directly related to higher order modes of the fibre 

under test) are often observed, that can limit the dynamic range. The sampling speed of the technique is limited 

to a few hundred wavelengths in a few minutes, which implies that as long as an hour of measurement is 

required to obtain the highest resolution spectrograms [3]. Furthermore, any variation in the detected power over 

time will be measured as a change in power over frequency and thus also add noise in the DGD graph. Spurious 

peaks can be divided into two categories based on their origin; the first result from interference between higher 

order modes [4] when the dominant fundamental mode requirement is broken, and the second are due to effects 

introduced by the equipment used (such as multiple reflections from optical elements). This paper, to the best of 

our knowledge, reports the first S
2
-based system with a near real-time single measurement capacity (1s), 

providing an equivalent 110-fold improvement in measurement capture speed relative to the current state-of-the-

art [5]. Furthermore, we identify the physical origins of spurious systematic double reflection peaks in our data 

and present a solution for their removal. 

4.2. Near-real Time Measurements 

The conventional S
2
 measurement (Fig 6(a)) tunes the TLS to one wavelength, which is then launched into the 

FUT and the output imaged by a CCD camera. The TLS is re-tuned and another image is then taken, Fig. 6b 

(blue). This process is repeated until images at all the required wavelengths have been measured. The fastest 

reported system to date took 100 measurements in 22 seconds [5] (4.5 frames/s). The time per measurement is 

predominantly determined by the need to command the TLS to tune to and settle at a new wavelength each 

frame. This limitation is removed in our method; instead the TLS is rapidly scanned across the full measurement 

bandwidth with a single command and the CCD is triggered to record images at set intervals, based on the 

desired resolution, which captures an image, Fig. 1b (red). The only drawback is that scanning the laser 

increases the effective linewidth of the laser (from 0.8fm to 0.5pm [due to the 1ms integration time of our 

CCD]). Yet, this is still smaller than the TLS wavelength resolution (1pm), so does not affect the maximum 

DGD value. To date we have achieved data capture of 500 frames in one second, giving a 110x increase in 

wavelength capture rate over the current state of the art for a single-shot measurement.  

       

Fig. 6: Left - (a) Schematic of S2 setup; (b) Comparison between modelled speed of the ñstandardò wavelength-stepped S2 

method (blue trace) and the new wavelength-swept method (red trace) described in this work. Right: Comparison  

between 5x repeated measurements using a conventional S2 (blue line) and new method (red line), 

showing substantially improved consistency between different measurements and the ability 

to discern more accurately weaker features at larger DGD values. 

With this change in method, we have developed a system allowing near-real-time monitoring of the system 

under test. It has the ability to process the DGD graph in 0.8s with a 7s DGD graph update rate. The main 

limitation on the repetition rate is waiting for the TLS to return back to its starting position. This time could be 

halved if data was taken on both passes of the measurement bandwidth. Furthermore, the wait time could be 

more substantially removed using multiple, synchronized scanning lasers, allowing the method to produce real-

time results. Without inline data processing we have obtained up to 20,000 wavelengths in a single sweep, (total 

time 40s), giving the possibility of a practical single-shot, high-resolution spectrogram. Our faster system has 

many advantages compared to a typical S
2
 implementation such as: higher total frame number per unit 

measurement time, reduced temporal noise and increased measurement rate. The reduced test time opens a new 

array of possible measurements, e.g. monitoring the manufacturing of MM devices. To illustrate the effect that 

increasing the measurement speed has on the DGD graph, our fibre mode characterization technique was used to 

characterize a two mode fiber6 (TMF). The measurement range was 1545-1565nm with 40pm resolution. Light 

was launched into the TMF by butt-coupling from a standard single mode fibre (SMF). The mode field diameter 

(MFD) mismatch (TMF=16.4ɛm, SMF=10.5ɛm) enabled simultaneous excitation of both LP01 and LP11 modes. 

The modal coupling was controllable and monitoring was done in near real-time, as made possible by the speed 

improvement offered by our new technique. Five readings were taken with the standard S
2
 method (1 
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wavelength every 1.5s), and compared with five readings from the new method (1 wavelength every 0.02s), Fig. 

6(right). The new method shows suppressed noise floor and highly repeatable results that the new technique 

offers, compared to the conventional S2 method. This repeatability is further demonstrated by plotting MPI 

values as a function of measurement start time in Fig. 6(right). Given this is a TMF, the number of peaks seen in 

Fig. 6 is unexpected, leading to the conclusion that both techniques are affected by spurious interference peaks. 

4.3. Identify the presence and Origin of spurious features in a S
2
 Measurement. 

Four lengths of step-index, TMF were measured, with lengths 2, 4, 10 and 22m, using the new method (501 

wavelengths centred at 1550nm). The spectral resolution and bandwidth varied from 6-80pm and 3-40nm 

respectively, to ensure the normalized differential group resolution (0.1ps/m) was kept constant, which verified 

the DGD of the LP01-LP11 modes to be 2.3ps/m in all measurements. To distinguish between spurious peaks and 

useful data we removed the fibre length normalization on the DGD, Fig. 3a; clearly many interference peaks 

occurring from 5.7-50ps show the same DGD regardless of the fibre length.  

 

 

Fig. 7: Systematic analysis of equipment-related features (spurious peaks) in the S2 spectra of a two-mode fibre (TMF): (a) 

S2 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) The S2 profile of an SMF is used to correct for spurious peaks in the S2 of a TMF. 

To establish the origin of the spurious peaks we carried out two measurements with a simplified configuration, 

i.e. by adoption a length of SMF as the FUT and by directing the TLS output onto the CCD with no imaging 

optics (Fig. 7b). Both measurements had a 1550-1560nm bandwidth and a 20pm resolution, giving a 0.82ps 

delay resolution. Peaks at 4.6, 8, 13.7, 16.9, 22.6ps ±0.4ps are common to both measurements and correspond to 

double reflections from the CCD. Further reflection peaks at 32, 40.2, 45 and 46.7ps ± 0.4ps were found to be 

due to reflections from the microscope objective lens used for magnification. Other peaks at higher DGD values 

have also been measured and correspond to multiple double reflections from the previously mentioned sources. 

More generally, double reflections can occur within and between any optics in the system. For a TLS with 

maximum resolution of 1pm, this means reflections from gaps of up to 600mm in air and 400mm for glass with 

n=1.5 can be detected. Given the dispersive nature of most optical components, the delay of these systematic 

spurious peaks will change as a function of wavelength and therefore they must be characterized using a 

spectrogram approach. If unaccounted for, reflection peaks of the LP01 modes will limit the useable parameters 

for a given measurement, in this case DGDs over 50ps. For MM fibres, each guided mode could be reflected 

from the same sources, leading to possible incorrect identification of the true modal interference peaks, or 

overlap between spurious and real peaks. This could push up and/or widen the interference peaks and distort the 

intensity and phase images. If the DGD resolution is coarse, as is the case of some previously published S
2
 data, 

Fig. 7a (22m), the reflection peaks will not be properly resolved thus degrading the measurement noise floor, in 

this case by 10dB; this could wrongly be attributed to distributed scattering between the LP01 and LP11 modes. 

Removing the spurious peaks can be achieved by changing components and/or applying better anti-reflection 

coatings. However, this is not always possible. Another method is to numerically remove the systematic peaks, 

as they will appear at the same relative time and with the same magnitude in each measurement. This is shown 

using a TMF, Fig. 7c, where the DGD measurement of a SMF is subtracted from the FUT results to produce a 

corrected DGD estimate. 

4.4. Conclusions. 

We have developed a fibre modal characterization method based on the S
2
 technique that can take a 

measurement with 501 wavelengths in 1s. This, alongside inline data processing, opens up the prospect of near 

real time modal characterization. With this, system, we have studied and removed the systematic spurious 

double reflection peaks present in our measured DGD data thereby improving the quality and reliability of our 

results. 








