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Abstract— This paper presents revisits the fundamentals of MMF links. The primary 

mechanisms that contribute to the channel impairments and the prior art to combat these 

impairments are briefly reviewed. Then a comprehensive, numerical MMF model that has 

been developed in-house and extensively used in the current research work is described. As 

an application of the model a method to estimate the mode coupling in MMF is developed. 

Simulated and numerical analyses that corroborate the validity of the MMF model and 

estimate the mode coupling strength in glass-MMF are described. 

 

Index Terms— MMF, Impulse response, Mode coupling, Maxwell‘s equations. 

 

 

I. INTRODUCTION 

     

 A steady increase in the total internet traffic over the last two decades has not only increased 

the bandwidth requirement of the backbone network, the demand for bandwidth of the end-

user has also increased dramatically. As a result, the 10 Gb/s or even higher data-rates, which 

are typically reserved for long-haul systems are deployed for local area networks (LANs). 

Along with that, the increasing speed of microprocessors can now support data center or 

server applications at a much higher rate. This is reflected in the need for high-speed links for 

storage area networks (SANs), and data center interconnects. 

 

1.1.1. Why multimode fiber? 

 

 However, the design of communication link for LAN or data-center applications is 

different from that of long-haul systems. A significant part of the cost of the network and the 

components is provided by the end-user and therefore a challenge in designing access 

network is the reduction of overall cost while retaining high bandwidth. Along with the cost 

of the components of the link, the packaging and installation play a key role in influencing 

the design. 

 

 Though MMF cannot support the bandwidth-distance achievable in SMF, it is used in the 

vast majority of the LAN links because it provides the necessary bandwidth for short reach 

links at a much lower installation and component cost. Because of the larger size of the MMF 

core compared to SMF, the placement tolerances of the laser at the transmitter and the 

photodetector at the receiver relative to the fiber are greatly relaxed and therefore permit 

passive alignments resulting in reduced assembly costs. Moreover, inexpensive materials 

such as plastics can be used for some of the components, further reducing the cost [1]. Along 

with that, 850-nm vertical cavity surface emitting lasers (VCSELs) are widely used as 

transmitters for the MMF links for their cost benefits. 
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1.1.2. Need for improved MMF links: 10 Gb/s Ethernet and beyond 

 

 Ethernet is the most widespread wired LAN technology and the development of Ethernet 

standards goes hand in hand with the adoption and development of improved MMF channels. 

Figure 1 provides a brief description of the current 10 Gb/s and the possible future Ethernet 

standards over copper and fiber links. The trend of extending the reach and data rate of the 

links is obvious in the previous standards and the 10GbE standards shown in the figure. 

Although the twisted pair of copper wires is a relatively low-cost and low-power solution 

compared to the MMF solutions, the motivation for the transition from the Cu links to the 

MMF links is their much higher available bandwidth. However, the need for even higher 

performance MMF solutions is apparent. 

 

 
Figure 1. 10 Gb/s Ethernet standards over MMF and copper links 

 

 The extension in the reach from 82 m in 10GBASE-SR to 220 m in 10GBASE-LRM has 

been achieved by the use of electronic equalizer with the already deployed MMF links. Apart 

from this electronic method of improving fiber link performance, optical channel impairment 

mitigation methods and channel modulation methods are also needed to be explored to 

improve the overall link performance. 

 

1.1.3. Need for low-cost, high-performance, short-reach links 

 

 Traditionally, copper cables have been considered as the low-cost, reasonably high-speed 

alternative for all short-reach applications including data-center, server applications and 

LANs. Though glass-MMF outperformed copper cables in terms of bandwidth, the low cost 

and ease of handling of copper cables are still not achieved in fiber links. Recently active 

cables have emerged as another potential solution that provides many of ‗user-friendly‘ 

benefits of the copper cables along with all the performance advantages of the fiber channels. 

It can be described as a ―hard-wired‖ fiber cable where transmitter and receiver are already 

attached to the fiber so that the end-user can directly access the electrical input and output 

signals. There are several advantages of using active cables compared to conventional fiber 

cables or copper cables; they are: a) larger bandwidth-reach, b) no need for eye safety, 

splicing, cleaning and other connectorization issues, c) lighter in weight – easier handling, d) 

requires less volume – increases airflow, improves cooling, e) indifferent to electromagnetic 

interference, g) smaller bend radius – inherent to thinner fiber, h) relief from unintended 

ground loops. In recent times, there have been several commercial products exploiting the 

concept of active cables. Although this solution takes the burden of fiber installation off the 
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end-user, the challenge still lies in the development of low-cost active cables while 

maintaining the bandwidth. 

.  

2. CHANNEL IMPAIRMENT MITIGATION IN MMF: PRIOR ART 

 

 Optical channel impairment mitigation schemes can be broadly classified into optical, 

electronic, and opto-electronic methods. The effectiveness of any of those schemes has to be 

evaluated in terms of cost and performance. In general, an optimum balance between the 

optical and electrical signal processing produces the best solution for optical channels. In the 

case of glass-MMF, the primary channel impairment is the bandwidth limitation resulting 

from inter-modal dispersion. In the following paragraphs, some of the notable inter-modal 

dispersion compensating schemes is briefly described. 

 

2.3.1. Controlled launch condition 

  

The bandwidth of a glass-MMF depends strongly on the number of modes excited and the 

power distribution among them. Therefore, different spatial intensity profiles at the source are 

used to control the MPD and thus to maximize the achievable bandwidth. The two important 

launch conditions are – overfilled launch (OFL), where the fiber core is filled with input light 

and many modes are excited; and underfilled launch (UFL) or restricted mode launch (RML), 

where only part of the fiber core is illuminated and a few modes are selectively excited. Two 

different variations of UFL employed by the IEEE802.3aq are a) center launch (CL), where 

the MMF is excited near the center with a maximum offset tolerance of 7 μm, and b) offset 

launch (OL), where the MMF is excited at 18-23 μm offset from the core center [14]. 

2.3.2. Spatially resolved equalization 

 The MMF modes have different spatial intensity profiles and delays. These modes are 

spatially resolved using multi-segment photodetectors at the end of propagation and the 

temporal responses from different detectors are optimally combined to achieve higher 

bandwidth. In the simplest implementation, the difference of the response from two 

concentric photodetectors – one circular and one annular - improves the bandwidth nominally 

by a factor of two [15]. 

 

2.2.1. Electronic equalization 

 

 MMF is a linear channel and the channel impairment can be effectively mitigated by 

inverting the channel by the use of electronic filters [16]. The two widely used filter 

topologies are a) feedforward equalizer (FFE), which is a linear finite impulse response (FIR) 

filter and b) decision feedback equalizer (DFE), which uses the decisions made on earlier 

symbols to predict the current symbol. Electronic equalization to enhance the reach and 

bandwidth of glass MMF is a part of the IEEE802.3aq standard. 

 

2.2.2. Multi wavelength transmission 

 

 Like SMF, MMF also has a wide low-loss transmission window that can be effectively 

utilized by transmitting at multiple wavelengths. Course wavelength division multiplexing 

(CWDM) and subcarrier multiplexing (SCM) [17] are two such techniques that have been 

proposed and investigated for MMF links. 
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2.2.3. Multilevel modulation 

 

 Instead of two-level binary transmission, pulse amplitude modulation (PAM) with more 

levels such as PAM-4, PAM-8 etc. can be used to transmit at higher data rates within the 

bandwidth constraint of MMF. 

 

 

2.2.4. Other electronic methods 

 

MMF is viewed as a low-cost, short-reach and high data-rate medium, and the application of 

complex link performance improvement techniques that are used in wireless, wired, and long-

haul SMF channels may be considered prohibitively expensive. Forward error correction is 

widely used in long-haul systems and can significantly improve the bit error ratio (BER) of a 

channel. A simplified and hybrid version of error correcting techniques such as the Viterbi 

algorithm have been investigated and proved to be useful for MMF links [18]. 

 

2.3. COMPREHENSIVE MODEL DEVELOPMENT FOR MULTIMODE FIBER 

 

 The performance evaluation of any communication channel requires a comprehensive and 

accurate model of the channel. A multimode fiber channel, in general, has the property that 

channel response can widely vary, depending on the numerous factors such as variation in the 

refractive index profile of the fiber, output intensity profile of the source, coupling of light 

into the fiber, response of the photodetector, etc. Therefore, it is extremely important to 

perform a full end-to-end channel analysis considering the variation in different factors that 

influence MMF response. 

 Extensive research on and publication of the physical model of MMF have been 

performed during the development of glass-MMF [4] [10]. Primarily based on those works, a 

comprehensive and accurate model of MMF has been developed by the Ultrafast Optical 

Communication group at the Georgia Institute of Technology and a detailed description of 

that model can be found in [19]. A summary of the model is provided in the following 

sections. Experimental measurements are performed to quantify the effect of mode coupling 

in commercially available MMF using the MMF model (section 2.5).  

 The multimode fiber model consists of two primary components: mode solver and mode 

propagator under mode coupling. 

 

2.3.1. Mode solver 

 

 Multimode fiber supports a multitude of electromagnetic modes that propagate along the 

fiber with a characteristic transverse electric field profile also called mode field profile, 

propagation constant and group velocity. These properties of the fiber modes depend 

primarily on the refractive index profile of the MMF (section 2.2.2) and the wavelength of 

operation. The mode fields are actually eigenfunctions of the wave equation appropriate for a 

dielectric medium. Starting from the vector wave equation and applying the slowly varying 

index criterion of MMF, a scalar wave equation for the linearly polarized (LP) electric field 

E(r,υ) is obtained [4]. The radial component R(r) of the mode profile and the propagation 

constant β are found via the solution of the scalar wave equation: 
2 2

2 2 2

02 2

( ) 1 ( )
( ) ( ) 0

d R r dR r l
n r k R r

dr r dr r


 
     

    1                                                          
 The azimuthal component Φ(υ) is obtained from the solutions of 
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 A finite-difference approach is used to solve the scalar equation for any arbitrary n(r) and 

the solution provides the βlm and Rlm(r) for each propagation mode with radial and azimuthal 

mode number m and l, respectively. Using Rlm(r) and Φ(υ) the two dimensional electric field 

profiles El,m(r,υ) of each fiber mode are computed. 
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           3                                                             
Using the WKB approximation [4], the group delay per unit length of fiber τlm can be 

computed for pure α profiles: 
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 Where the normalized propagation constant is b = (1-(βlm/n1k0)

2
 /(1-n2/n1)

2
, the profile 

dispersion is y = -(2n1λdΔc0)/(τ0Δdλ), c and ko are the velocity of light and propagation 

constant in free-space, and τ0 is the group delay resulting from core material properties. The 

higher-order terms are neglected. However, to compute the group delay for arbitrary n(r), the 

Rayleigh quotient method is used [19]. 

The power launched in different modes depends on the source excitation. For a source 

electric field profile Es(r,υ), the power Plm coupled to mode (l,m) is found using 

   2 2, ,lm s lm

r

P E r E r drd


    
     5                                                          

 In the case of negligible mode coupling, the launched mode power distribution does not 

change during propagation through the fiber. With a sufficiently large photodetector, the 

modes maintain spatial orthogonality and contribute to the net photocurrent separately. Thus, 

the normalized photocurrent impulse response (IPR) hmmf(t), after fiber length L, is described 

as 

   mmf k k

k

h t P t L  
   6                                                                         

 Here, the modes with distinct (l,m) are enumerated using a single parameter k ≡ (l,m) and 

the double sum is avoided.  

In the case of graded-index MMF with α≈2, modes with the same g = 2l + m−1 form velocity 

degenerate mode groups. The number of modes with mode-group number g is the degeneracy 

of that mode group. 

 

2.3.2. Propagation under mode coupling 

 

Under the influence of mode coupling, power transfer occurs among the guided modes during 

propagation in a MMF and that in turn alters the channel response. This interaction is 

modeled by a set of coupled equations describing the power flow in a waveguide with N 

modes [10]. 
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    7                                 

 Where Pn is the power in the nth mode at time t at a distance z. γ n is the attenuation 

coefficient for the nth mode and dn,k is the coupling coefficient between two modes n and k. 

Assumptions that were used in deriving the coupled equations are a) the imperfections in the 

waveguide such as changes in diameter, elliptical core deformations, and random bends of 

the fiber axis lead to coupling of modes; b) these imperfections appear in a random fashion 

along the length of the waveguide, and statistical ensemble average can be taken. It should be 

noted that the perturbation interacts strongly with the phases of the field and the effect is 

integrated over the length of the waveguide. A Fourier spectra of the spatial frequency of the 

perturbation is determined to quantify the interaction with the propagation phase difference of 

the modes and the contribution is contained in the mode coupling coefficient dn,k given by  
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   9                                                                       

 where ε0 is the free space dielectric constant. En is the radial electric field profile of the nth 

mode, Δβn,k is the difference in propagation constant of mode n and k, and A is the mode 

coupling strength. The electric field profile and the propagation constants are found using the 

mode solver. The electric field profile in Eq. (12) is normalized such that 
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      10                                                                          

 Complete mode coupling is assumed between the modes within a mode group as βnk are 

very close, and strong coupling is suggested by Eq. (11). Since the adjacent mode groups 

have the smallest Δβn,k, the coupling is dominated by them. The coupling coefficient dg 

between two adjacent velocity degenerate mode groups g and g+1 can also be found using an 

approximate analytical solution [11], and it matches well with the exact value obtained using 

equations (9), (10), and (11). 
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     11                                                      

 Where gTOT is the total number of mode groups present. 

 A split-step method is used to numerically solve a variation of Eq. (8), derived for velocity 

degenerate mode groups. The results provide the temporal response and MPD as a function of 

distance propagated along the fiber. The mode coupling strength A is a parameter 

representing the inherent fiber property and can be measured experimentally as described in 

section 2.5. 

 It is apparent from Eq. (12) that the MCC increases linearly with mode group number for 

pure α profiles. An effective MCC of a fiber is obtained by averaging the coupling coefficient 

across all mode group pairs. Mode coupling length (MCL) is defined by the distance required 
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to reach a steady-state MPD inside the fiber [10]. This is obtained by solving the coupled 

power equations for the steady-state condition. The eigen function corresponding to the 

smallest eigenvalue provides the steady-state MPD of the fiber. The steady state MPD for a 

lossless system (γ n = 0) is equal power in all modes (not mode groups). An estimate of the 

MCL is given by L c = 4.61/ (σ (2) −σ (1)), where σ (1) and σ(2) are the two smallest 

eigenvalues of the coupled power equations [10]. This definition ensures that the steady-state 

MPD is 100 times stronger than the next strongest eigenfunction. 

 

3. MODE COUPLING IN GLASS MULTIMODE FIBER 

 

 Since mode coupling can potentially change the impulse response of MMF, it is important 

to quantify the mode coupling strength an in commercially available MMF to accurately 

estimate the link performance. 

Apart from the change in MPD, the other obvious effect of mode coupling is the energy 

filling between the distinct mode groups and the corresponding change in the temporal 

response. Therefore, instead of comparing the change in MPD, we focus on the impulse 

response, which is sensitive to the mode coupling coefficient and is directly related to the 

channel performance. 

 Impulse response measurements of the MMF are done with sufficient temporal resolution 

and dynamic range to separate the mode groups distinctly and quantify the energy arriving 

between them. To minimize the chromatic dispersion, 16-ps-FWHM pulses at 1550 nm are 

launched. A mode-locked laser followed by a bandpass filter is used to generate the nearly 

transform-limited pulses. A detector-sampling module with net bandwidth of 20 GHz is used 

as the receiver. A GRIN lens couples all modes of 50- μm MMF in the detector with nearly 

100% efficiency. The signal is launched into the MMF-core with a SMF at different offsets, 

which allows the control of the MPD. To reduce the noise, the response is effectively 

averaged for 32 minutes and dynamic range of three orders is obtained. Care is taken to 

minimize the jitter and drift in the acquired waveforms. 

 

 
Figure 2. Scenario of single channel transmission. 

 

 The use of 1550 nm helps to ensure that the primary modes are temporally separated 

because of large DMD at 1550 nm for fibers optimized at 1310 nm. Coupling strength A, 

which is a function of micro-bending perturbation and mechanical properties of fiber, is 

expected to be only slightly dependent on the wavelength of operation By comparing the 

measured impulse responses of 4 km of 50-μm MMF with the numerically generated impulse 

response, we estimate a coupling strength A of 1x108 (Figure 2). The observed uniformity of 

arrival of the mode groups suggests that the fibers examined can be described by an α profile 

without any major index profile defects. Hence, in the numerical model, we assume the Δβ‘s 
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to be that of a fiber with a pure α profile. The modal delays and the MPDs at the launch are 

adjusted for different correlation length to match the received waveform. 

 
Figure 3. Simulated impulse response for 4 km of 50-μm MMF. Energy appearing between 

the primary mode groups indicate the effect of mode coupling. 

 

 Similar simulations are performed with 1.1 km and 9 km of 62.5-μm-MMF (Figure 3). 

The coupling strength A of a typical 62.5-μm, FDDI-grade fiber is estimated to be 1x10
7
. The 

effective MCC is found to be 0.15 km-1. 

 

 
Figure 4. Two representative high resolutions, high dynamic range 62.5-μm MMF responses 

1.1 km. Modal coupling is identified by the strength of the response between the arrivals of 

the primary mode groups. For fiber a coupling strength of A = 1x10
7
 provides the best 

agreement with the simulated responses. 

 

 The method described above is specifically suitable for MMFs with ‗relatively small‘ 

mode coupling strength and therefore requires long length of fiber to have any perceptible 

effect on the impulse response. In that regime, modes can be resolved temporally and the 

estimation of mode coupling strength is more accurate than the methods relying on just the 

evolution of MPD. Here, it is noted that for smaller length of fiber, the temporal resolution 

can be improved by using narrower launch pulses and a receiver with larger bandwidth. 

However, the dynamic range of the measurement is often limited by the detector response, 

and an appropriate length of fiber should be chosen to clearly observe the mode coupling 

effects. 

 

4. CONCLUSION 

 

The described MMF model is numerically accurate and is critical to the investigation of the 

channel impairment mitigation schemes conceived for glass-MMF. Simulation results 

accurately quantify the mode coupling in commercial glass-MMF and its impact on a long 



International Journal of Emerging Trends in Engineering and Development        Issue 3, Vol.6 (November 2013)                                                                                                    

Available online on http://www.rspublication.com/ijeted/ijeted_index.htm                                  ISSN 2249-6149 
 

R S. Publication, rspublicationhouse@gmail.com Page 243 
 

MMF channel is thoroughly investigated in. The quantitative agreement simulated MMF 

impulse responses without any adjustable parameter also validates the accuracy of the model 

in predicting the spatial and temporal behavior of MMF in the presence of mode coupling.  

. 
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