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1. Introduction 

In the beginning of the 00’s, a new class of 50µm Multi-Mode Fibers (MMFs) was proposed: the OM3 fibers. These 
MMFs exhibit high modal bandwidths that guarantee serial transmissions of 10GbE at 850nm over 300m. In August 
2009, MMFs that exhibit higher modal bandwidths than those of OM3 MMFs – allowing 10GbE serial transmissions 
at 850nm over 550m, and therefore providing more system margins at shorter lengths – were standardized by the 
Telecom Industry Association (TIA) under the OM4 designation. 

OM3 fibers have been used for almost a decade in environments where bends were not a major issue. Recently, 
indoor and data-center applications with tighter constraints have motivated investigations on the bending 
performances of OM3/OM4 MMFs. In this paper, we present, for the first time to our knowledge, a systematic study 
of the impact of tight bends on system margins in 10GbE applications taking into account both loss increment and 
bandwidth modifications due to bends.  

2. Context 

Regular OM3/OM4 MMFs have very similar refractive index profiles: a 50µm-diameter α-parameterized graded-
index core (α~2) ended by a constant cladding, with a standardized Numerical Aperture (NA) of 0.200±0.015. The α 
parameter is tuned to provide the highest bandwidth at 850nm, which is the typical operating wavelength for 10GbE 
applications. 

At 850nm, hundreds of modes are allowed to propagate. Generally, each mode exhibits its own characteristics, 
such as group velocity, chromatic dispersion, attenuation, macro- & micro-bend losses. This singularity makes all 
measurements dependent from the way the light is coupled into the MMF, i.e. the launching conditions. 

Over-Filled Launch (OFL) is the common launching condition used for characterizing the modal bandwidth of 
MMFs, called OFL bandwidth. However, this condition is not representative of the launches provided by 10GBASE-
S sources. The launches of these sources are characterized by their Encircled Flux (EF), which is a measure, as a 
function of radius, of the fraction of the total power radiating from a MMF core. The IEEE 802.3 Standards 
recommend less than 30% EF at 4.5µm and more than 86% EF at 19µm. 

3. Bend losses under 10GbE sources launches 

Bend losses of a regular OM3 MMF (NA=0.206) have been carefully measured under 10GBASE-S sources-like 
launches. The MMF under test is excited by a fusion-spliced launch cord of same type (core size of 50 ± 0.7µm) 
coupled to a white source. The EF at 850nm at the output of the launch cord is measured according to [1]. The 
launch cord is wrapped around a mandrel in order to provide launches consistent with the IEEE 802.3 Standards 
noted M350, M400, M500 and M550 (cf. Fig.1). M350 and M400 are close to 2 launches of 10GBASE-S sources 
used for the calculated Effective Modal Bandwidth (EMBc is an estimation of the minimal modal bandwidth that can 
be obtained with 10 typical sources, whose EF coordinates are computed according to [2] and reported in Fig.1). 

Measurements reported in Fig.1 show that bend losses strongly depend on the launching conditions. This behavior 
is in good agreement with our model [3], [4]: small 86% EF radius sources excite the lowest-order modes that are the 
most bend-resistant modes, and thus provide the lowest bend losses, whereas large 86% EF radius sources excite the 
highest-order and most bend-sensitive modes. It is also interesting to note that bend losses do not increase linearly 
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with the number of turns (bend losses after 10 turns are only twice those after 2 turns) and cannot therefore be 
expressed in dB/turn or dB/m.  

In summary, in typical 10GbE applications, the loss increment due to multiple bends does no exceed 1dB and is 
reasonably below 0.5dB, depending on the NA of the MMF [3]. 

 
Fig.1: EF coordinates of the 10 EMBc sources (pink circles) and of the 4 launches used for the bend-loss measurements [left]. Bend-loss 

measurements of a regular OM3 MMF with different launching conditions [center & right]. The purple, dark blue and light blue lines represent 
sources near EMBc sources 5 and 6. The green lines indicate the largest 86% EF radius launch used in the measurements. 

4. Bends impact on system margins 

Because of process fluctuations and the plurality of launching conditions delivered by 10GBASE-S sources, fiber 
manufacturers fully characterize the modal bandwidth of each MMF using the standardized Differential Mode Delay 
(DMD) measurement. It consists in measuring the pulse responses of a MMF for single-mode launches scanned 
across its radius [5]. This measurement provides an accurate cartography of the modal dispersion of a MMF, called 
the DMD plot. DMD values and EMBc that are used in OM3/OM4 qualifications are derived from this plot [5]. 

 
Fig.2: DMD plots of MMF A [left] and MMF B [right] 

Table 1: Characteristics of MMF A and MMF B 
 OFL-BW 

[MHz-km] 
EMBc 

[MHz-km] 
Outer DMD 
[ps/m] 

Inner DMD 
[ps/m] 

Sliding DMD 
[ps/m] 

MMF A 1750 2500 0.437 0.202 0.201 
MMF B 4200 2500 0.392 0.303 0.134 

To investigate the bends impact on 10GbE transmissions, we have considered 2 MMFs, noted A and B. Their 
DMD plots are simulated and reported in Fig.2. Their characteristics are in Table 1. MMF A exhibits a profile 
deviation at the core edge that leads to disturbances in the outer part of the DMD plot. MMF B has a center defect. 
Note that despite these defects both MMFs are OM3 compliant with EMBc higher than 2000MHz-km. 

The modal bandwidth is critical in 10GbE transmissions. Here, we use the 10GBASE-S Link Budget Spreadsheet, 
developed within the IEEE P802.3ae 10Gb/s Ethernet Task Force [6], to compute the system margins as a function 
of the effective modal bandwidth (EMB). In this paper, we focus on 300m-link system margins that can be fairly 
fitted using Eq. (1), where EMB is expressed in MHz-km. 
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As seen previously, when sources are within the EF coordinates range covered by the 10 EMBc sources, the bend 
losses are negligible. Their impact on system margins is limited as illustrated in Fig.3, that shows negligible system 
margin modifications under two particular launches that are the EMBc source 10 and the M350 launches. 

For launches out of the scope of the 10GBASE-S sources used for the EMBc but still compliant with the IEEE 
802.3 Standards, bend losses may be significant. As bends affect the highest order modes, they also modify the EMB 
of the MMFs. But these modifications depend on the DMD patterns of the MMFs. Fig.3 shows the computations of 
margins modifications as a function of bend losses for MMFs A and B under a borderline launch (86% EF radius 
close to 19µm and 8% EF at 4.5µm). For MMF A, system margins are significantly improved by the bends that filter 
out the disturbed outer modes. On the contrary, MMF B performance is degraded because the DMD pattern does not 
allow sufficient bandwidth improvement compared to the degradation brought by bend losses. As a result, MMFs A 
and B, that have same EMBc but different DMD patterns, do not ensure the same system reliability under bends. 

 
Fig.3: 300m-link system margins modifications under bends for MMF A [left] and MMF B [right] for 3 different launching conditions. 

5. Conclusion 

Measurements have shown that regular MMFs have low bending sensitivity under 10GBASE-S sources launches 
used in 10GbE applications. Indeed, these sources provide bend-resistant launches and limit bends impact on system 
performances. 

For the most bend-sensitive launches (not representative of the 10GBASE-S sources launches), bends impact on 
system performances strongly depends on the DMD pattern of the MMFs. Bends do not always degrade the 
performance as in the single-mode-fiber world. They can improve the bandwidths and thus limit the system 
degradations due to the additional losses or even increase the system margins. OM3/OM4 MMFs with tight inner 
DMD specifications are recommended for use in such harsh environments, rather than MMFs only defined with 
EMBc. 
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