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Abstract. In this paper, the effect of tap configurations in a decision feedback equalizer is investigated for 
controlling modal dispersion in a 60Gb/s 18-channel mode division multiplexing - wavelength division 
multiplexing system in a 2.5km multimode fiber on three Laguerre-Gaussian modes and six wavelengths 
centered at 1550nm.  Spectrum analyser diagrams and bit error rate measurements show satisfactory 
performance for feed forward – feedback tap combinations (10,5), (14,0), (15,6) and (15,10) by effectively 
suppressing higher order modes. 

1   Introduction 
 

Today’s optical networks are the backbone of modern 
communications networks, moving data traffic across 
distances of just a few kilometers to stretch across 
continents. There has been an exponential growth in 
Internet users and the demand for higher bandwidth as 
users interact more spontaneously on the Internet using 
applications that require large data transfers and high 
interactivity such as for video conferencing, video 
streaming, voice-over-Internet-Protocol (VoIP), 
television streaming, social media, online gaming and 
others [1-3]. Digital content is growing and network 
subscribers require high data transfer and interactivity. 

 
Various multiplexing schemes have been investigated 
for increasing the bandwidth of current optical networks, 
such as wavelength division multiplexing (WDM) [4], 
orthogonal frequency division multiplexing (OFDM) [5], 
optical code division multiple-access system (OCDMA) 
[6] and polarization division multiplexing (PDM) [7].  
There has also been a compelling vision to accommodate 
traffic growth by devising ways that can allow us to 
transmit large amounts of data in a single fiber using 
modes of an optical fiber. The future solution lies in 
mode division multiplexing (MDM) which allows 
independent data streams to be transmitted on multiple 
modes of an optical fiber, which are then retrieved by 
multiple receivers [8].   
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2   Related Work 

 
MDM complements WDM, OFDM and other 
multiplexing schemes which have been the workhorse of 
major telecommunication companies in order to increase 
the aggregate capacity. MDM has been realized through 
through  holographic  wavefront  generation [9-12],  
multi-core fibers [13-15], mode-selective fiber couplers 
[16-18], laser cavity design  [19-21] or via optical signal 
processing [17, 22, 23].   
 
The frontier of MDM lies in its prowess to unleash the 
physical capacity boundaries of multimode fiber (MMF) 
by confining modal coupling which instigates modal 
dispersion and inter-symbol interference, thus restricting 
the achievable bandwidth [24].  To suppress mode 
coupling, several adaptive equalization schemes have 
been introduced in MDM. Adaptive equalizers work 
efficiently in an unknown environment.  These filters 
extract useful information from noisy data and employ 
recursive algorithms for continuous adjustment within a 
changing environment for example when signal statistics 
are not defined priori, and also when there is a spectral 
overlap between the signal of interest and noisy signal.  
Equalizers that have been used thus far in MDM include 
least-mean-square algorithm which reduce the mean 
square error between the received and target channel 
impulse response [25], recursive least-squares which 
recursively finds the coefficients that minimize a 
weighted linear least squares cost function relating to the 
received   and   target  channel   impulse   response  [26],  
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space-time block coding exploiting space and delay 
diversity  [27],  constant   modulus algorithm   [28]   and 
multi-modulus blind equalization  [29]. RLS is 
preferable for next-generation MDM systems with faster 
convergence time compared to LMS. 
 

3   Contribution 

In contrast to the aforementioned equalization schemes, 
in this paper, electronic dispersion compensation (EDC) 
using decision feedback equalization (DFE) is 
numerically investigated for mode-wavelength division 
multiplexing (MWDM) in MMF. The objective of this 
paper is to analyze the relationship between different 
configuration of taps in the DFE and the resulting BER 
in order to establish the ideal combination of taps to 
restore the original signal after distortion due to mode 
coupling in a 60Gbps DQPSK WDM-MDM system 
through a 2.5km MMF. In DFE, fixed tap length is 
conventionally used in noise control. To cancel the 
undesired noise from a primary noise source, the 
equalizer compensates for the uncertain effects after the 
receiver. Moving the DFE to the receiver side has 
several advantages. First, the Transmitter design is 
simplified, enabling a low-power design. Second, the 
equalizer coefficients can directly be adjusted at the 
receiver end, where they can be measured, which does 
not require a back-channel to the transmitter. 

 
 

4  MWDM System Design with DFE  in 
MMF 

 
Fig. 1 shows the proposed design using DFE for a 
MWDM system propagating independent data on three 
modes per wavelength for a total of six wavelengths 
modulated using differential quadrature phase-shift 
keying (DQPSK). The proposed equalizer for the system 
is modeled using Synopsis OptSim optical  
communications suite [30]. Each channel is connected to 
a DFE which parameters include feed forward taps 
number and feedback taps number. Various combination 
of taps produce a corresponding bit error rate (BER) and 
this study shall establish the four best tap combinations 
that will produce satisfactory BER in the 2.5 km 60Gbps 
DQPSK MWDM optical system. 

 
The transmitter consists of six spatial vertical cavity 
surface-emitting laser (VCSEL) arrays which are 
incorporated in the DQPSK transmitter and are directly 
modulated by an electrical signal. The VCSEL is driven 
by pseudo-random binary sequence (PRBS) electrical 
signals and modulated to non-return-to-zero pulses at its 
input and a fixed bias current. The six VCSELS are 
centered on wavelengths 1550 nm, 1551.6 nm, 1553.2 
nm, 1554.8 nm,  1556.4 and 1558.0 nm. Each VCSELs 
generate a laser beam composed of three different 
Laguerre-Gaussian modes LG 2 0, LG 2 1 and LG 2 2. 
The output of all VCSELs are multiplexed and 
propagated through a parabolic graded MMF with a 
radius of 25 µm spanning 2.5 km in length.  
 

 

Fig. 1. Schematic diagram for Decision Feedback Equalization in DQPSK MWDM system using MMF. 
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Coupling between modes is modelled by a coupling 
matrix [31] :  
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where i describes the source mode, k describes the 
destination mode, m describes the highest source 
mode and n describes the highest destination mode.    
At the receiver side, a demultiplexer splits the power 
from the signals to six DQPSK spatial 
photodetectors which are each connected to a DFE. 
The DFE structure is based on transversal finite-
impulse response (FIR) filter. The signal 
transformation is described by the following 
equation: 
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     (2) 

where x(t) is incoming signal, y(t) is the output 
signal, d is the tap number, N is the total number of 
taps, Cd is the weight coefficients for the d-th tap 
and T is the tap delay.  
 
 
5  Simulation Results 
 
The DFE corrects the received modal distribution in 
association with a priori modal distribution. The 
feedforward and feedback tap combinations under 
investigation are shown in Table 1.   The output 
from each DFE is analyzed to determine the 
improvement in the BER. 
 

 
The analysis on several combinations of feed 
forward tap number and feedback tap number in the 
decision feedback equalizer revealed that when the 
set of (10,5), (14,0), (15,6) and (15,10) feed 
forward-feedback taps were employed, satisfactory 
BER was achieved as compared to many other 
combinations and in effect, significantly mitigated 
mode coupling. This led to the best DMG 
confinement and lowest BER.  The spectrum 
analyzer diagrams for these combinations are shown 
in Fig. 2. The lowest noise levels were found to be -
120dBm and the highest peaked at -40dBm making 
the system highly efficient in terms of signal loss. 
Comparing the spectrum analyser diagrams in Fig.2 
it is evident that the decision feedback equalizer 
with the set of (10,5) feed forward-feedback taps 
achieved the least signal power loss with -
45.342dBm compared to the corresponding other 3 
each exhibiting signal power losses of -38.63dBm, -
40.137dBm and -37.8dBm. The smaller the signal 
power loss the better the performance of the mode 
transmission system.  
 
The BER based on the feed forward and feedback 
tap numbers are shown in Table 2. 60Gbps data 
transmission was successfully achieved at a BER of 
1.1519 x 10-29 for feed forward - feedback tap 
combination (10,5), 1.2769 x 10-26 for feed forward 
- feedback tap combination (14,0), 2.33 x 10-23 for 
feed forward - feedback tap combination (15,6) and 
1.16 x 10-35 for feed forward - feedback tap 
combination (15,10) for a six-channel WDM-MDM 
system at a central wavelength of 1550nm and 
10Gbps per channel. However, feed forward – 
feedback tap combinations (1,0) (2,2) (5,2) and 
(11,11) yielded the worst BERs ranging from 

 
(a)                       (b) 

 
 

     
   (c)           (d) 

 
Fig. 2. Spectrum Analyzer diagrams for various tap               
combinations: (a) (10,5), (b) (14,0), (c) (15,6) and (d) (15,10) 

            

Table 1.  DFE feed forward and feedback tap 
combinations under investigation 

 
Feed Forward 
Taps Number 

Feedback Tap 
Number 

10 5 

14 0 

15 6 

15 10 

1 0 

2 2 

5 2 

11 11 
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5.1974x10-3 to 5.2624 x ‘10-11 which in effect are 
not acceptable BERs.  
 
The results demonstrate satisfactory equalization of 
power in MMF in order to alleviate mode coupling 
and modal dispersion.  
 

 
6  Conclusion 

 
DFE for a DQPSK MWDM architecture using three 
modes LG 2 0 ,LG 2 1 and LG 2 2 and 6 wavelengths 
achieved the lowest BER at 2.33x 10-23 using 15 feed 
forward taps and 6 feedback taps. The DFE optical 
equalizer compensates for the effects of mode coupling 
and achieved 60Gbps through a 2.5km-long MMF a 
central wavelength of 1550nm. The DFE suppress higher 
order modes and effectively excites only four DMG per 
wavelength.  
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Table 2. Results on comparison of number of DFE taps 
and BER 
 
Feed  forward tap 

number 
Feedback tap 

number   BER 

10 5 1.15 x 10-29 

14 0 1.28 x 10-26 

15 6 2.33 x 10-23 

15 10 1.16 x 10 -35 
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