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Abstract. A free-space optics mode-wavelength division multiplexing (MWDM) system using 

Laguerre-Gaussian (LG) modes is designed using decision feedback equalization for controlling mode 

coupling and combating inter symbol interference so as to increase channel diversity. In this paper, a 

data rate of 24 Gbps is achieved for a FSO MWDM channel of 2.6 km in length using feedback 

equalization. Simulation results show significant improvement in eye diagrams and bit-error rates 

before and after decision feedback equalization. 

1 Landscape 

Free Space Optics (FSO), a license-free technology 

which offers higher bandwidth than conventional 

radio communications.  It can be installed quickly at 

a lower cost compared to laying fiber optic cables 

[1].   Based on these advantages, FSO has emerged as 

a promising solution for the last mile bottleneck 

considering the scarcity of radio bandwidth despite 

various approaches for optimization of the radio 

spectrum [2, 3]. FSO also offers an alternative 

transmission medium to fiber optics for rural and 

geographically-challenged locations where cabling 

may be an issue [4].  

With the tremendous growth in the Internet 

technology, the demand for higher bandwidth to 

support more applications and a larger number of 

subscribers is expected to continue escalating in the 

near future [5, 6]. Therefore, enhancing the capacity 

of FSO is necessary for high-speed transfer of a large 

amount of data. Currently, numerous techniques such 

as wavelength division multiplexing (WDM) [7], 

time division multiplexing (TDM) [8], and 

orthogonal frequency division multiplexing (OFDM) 

[9] have been employed in enhancing data 

transmission capacity in FSO systems. 

Nevertheless, as a result of the exponential growth in 

data bandwidth, existing multiplexing strategies may 

not be sufficient to accommodate future traffic 

growth.  An emerging multiplexing scheme, known 

as mode division multiplexing (MDM), has been used 

to transport independent channels simultaneously 

using eigenmodes [10]. In MDM, eigenmodes are 

used in MDM to drive the propagation of a number 

of channels on different modes generated by various 

mechanisms such as photonic crystal fibers [11], 

optical signal processing [12, 13], few mode fiber  

[9, 14], modal decomposition methods [15, 16], laser 

designs  [17, 18] and spatial light modulators [19, 

20]. MDM has been used for switching [21] and for 

multiplexing [10] in FSO systems. 

Although FSO is an advantageous technology, there 

are some impediments to the viable bandwidth.   

Obviously, strict alignment requirement and adverse 

atmospheric weather conditions are major barriers 

[1]. Rudimentarily, the performance of FSO could be 

supported by modulation techniques [22] and 

estimation of transmitting power levels and 

wavelengths [23]. Apart from that, various 

multiplexing schemes may be combined to improve 

channel diversity as well as to reduce outage 

probability.  In [24], WDM and MDM over RoFSO  

have employed simultaneously for improving the 

capacity.   
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Furthermore, in order to make FSO more feasible in 

respect to high capacity performance, photonic and 

electronic equalization schemes need to be integrated 

and explored, which will scale FSO better than 

through being duplicated using simple hardware [25]. 

In this paper, we explicate an initiative that uses 

decision feedback equalization (DFE) for MWDM 

using LG modes from a vertical cavity surface-

emitting laser (VCSEL) as data carriers over FSO. 

The analyses of the MWDM system performance 

before and after the DFE will be analyzed. 

In the remaining part of this paper, Section 2 reports 

on the MWDM modelling using LG modes over 

FSO. Section 3 discusses the simulation results of the 

MWDM system and the discussion is concluded in 

Section 4. 

2 Simulation of FSO MWDM System  

A FSO MWDM system of seven Laguerre-Gaussian 

(LG) modes based on DFE has been simulated in 

OptSim [26] and exhibited illustratively in Fig. 1. 

The FSO MWDM system consists of three parts; 

transmitter, FSO channel, and receiver. The input 

signal is generated using a pseudo-random binary 

sequence (PRBS) from the data generator at 3 Gbps. 

which is modulated to non-return-to-zero (NRZ) 

sequence, and is connected to a seven-segmented 

spatial vertical cavity surface emitting laser array 

with each segment represented as SpVCSELs. The 

SpVCSELs operate on two wavelengths; 1550.12 nm 

and 1551.92 nm and seven LG modes; LG 0 0, LG 0 

1, LG 0 2, LG 1 1, LG 1 2, LG 2 0 and LG 2 1.  Each 

SpVCSELs has an array emitting one LG mode on 

two wavelengths. Given 3 Gbps is transmitted by 

each mode and each wavelength.   Thus, with 7 

modes and 2 wavelengths per mode, the total data 

rate is 7 x 2 x 3Gbps = 42 Gbps.  The FSO channel is 

2.6 km long. 

The FSO transmitter and receiver aperture is set to 20 

cm, beam divergence is 1 µrad, and laser power is 0 

dBm and based on clear weather conditions. After 

FSO, the seven receivers were used to retrieve the 

signals from FSO.  

The main objective of decision feedback equalization 

is to compensate the ISI. The DFE comprises of feed-

forward filter and feedback filter as seen in Fig. 2. 

The first part of DFE is a linear filter (feed-forward 

filter). A Linear filter was set as the parameter using 

tap number 9. The other part of DFE is a nonlinear 

filter (feedback filter) using tap 12 with MMSE-

optimization. The optimization of MMSE is operated 

between the actual data and the target data, based on 

the error of MMSE will update the weight of tap 

filter to get a better result. Moreover, the 

performance of eye diagram and BER were analyzed 

for the LG modes before and after feedback filter. 

The main objective of decision feedback equalization 

is to enhance the signal received from the transmitted 

signals and reduce ISI. The results will be discussed 

in the next section.

 

  

  Fig. 1. FSO MWDM system in conjunction with decision feedback equalization (DFE). 
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  Fig. 2. Feed forward and feedback taps in DFE at the receiver   

3 Simulation Results  

Significant results were discovered from the BER and 

eye diagram upon application of DFE to improve the 

bandwidth of the FSO system.  

Fig. 3 represent the eye diagrams of the first four 

channels using LG 0 0, LG 0 1, LG 0 2 and LG 1 0 

modes before and after DFE.  Fig. 4 represent the eye 

diagrams of the first four channels using LG 1 1, LG 2 

0 and  

LG 2 1 modes before and after DFE.  Fig. 3 and Fig. 4 

illustrate that the eye openings for all channels on the 

seven LG modes have been widened and jitter is 

reduced.  

Another performance metric is the BER. The average 

values for BER prior to DFE and with DFE for 

distances between 1 km and 3 km are represented in 

Fig, 5(a, b). Meanwhile, the BER values for LG mode 

(0 0) at 1 km is 1.71 x 10
-2

 before DFE (as seen in 

Figure 5(a) and Figure 5(b)). After DFE, it reaches up 

to  

9.28 x 10
-11

. Meanwhile, at 2 km, the BER is 

1.63 x 10
-2

 before DFE and after DFE, the BER is 

reduced to 1.10 x 10
-12

. Further, LG (0 0) at 2.6 km is 

1.84 x 10
-2

 before DFE and after DFE it yields to 3.92 x 

10
-10

 Also, LG (2 0) mode in Figure 5(a, b) show the 

BER values at 1 km is 1.71 x 10
-2

 before DFE and after 

DFE, the BER improves to 2.87 x 10
-103

. At 2 2 km, the 

BER is x 10
-2

 before DFE and after DFE, it decreases to 

9.03 x 10
-25

. Meanwhile, the BER at 2.6 km is 2.31 x 

10
-2

 without DFE and with DFE, it is enhanced to 5.43 

x 10
-12

. 

Additionally, Fig. 5(a, b) shows the BER for LG 2 1. At 

1 km, it is 1.79 x 10
-2

 before DFE and after DFE, the 

BER improves significantly to 8.44 x 10
-135

. At 2.6 km, 

it is 2.04 x 10
-2

 before DFE and after DFE it becomes 

3.84 x 10
-17

. For LG (2 1), at 2.6 km it is 4.62 x 10
-12

 

before feedback equalization and after feedback 

equalization it becomes 3.92 x 10
-10

. The results of the 

BER values have been enhanced after using DFE and 

after increasing the distance, the BER increases as seen 

in Figure (a, b).  The maximum distance attainable with 

DFE is 2.6 km with acceptable BER. 
 

 

Fig. 3. Effect of DFE on eye diagrams for first four channels on LG 0 0, LG 0 1, LG 0 2, LG 1 0 modes over 2.6 km 

FSO: (a) LG 0 0 without DFE   (b) LG 0 0 with DFE    (c) LG 0 1 without DFE (d) LG 0 1 with DFE (e) LG 0 2 

without DFE   (f) LG 0 2 with DFE (g) LG 1 0 without DFE   (h) LG 1 0 with DFE 
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Fig. 4. Effect of DFE on eye diagrams for last three channels on LG 1 1, LG 2 0 and LG 2 1 modes over 2.6 km 

FSO:  (a) LG 1 1 without DFE   (b) LG 1 1 with DFE (c) LG 2 0 without DFE (d) LG 2 0 with DFE (e) LG 2 1 

without DFE   (f) LG 2 1 with DFE  

 

(a)                                                                                      (b)                              

Fig. 5. BER of seven LG modes (a) without DFE (b) after DFE  
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4 Conclusion  

Simulation results demonstrate that with employment 

of DFE, eye diagrams and BERs for a FSO MWDM 

system over varying distances using LG modes have 

been improved.  LG modes are successfully recovered 

at the receiver and 24 Gbps data transmission over 2.6 

km has been attained. 
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