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Abstract: 

Radio-over-free-space (Ro-FSO) technology is a combination of free-space optics (FSO) and 

wireless communication systems. It plays a significant role in radio-frequency signal 

transmission in mobile network communication through high-speed optical carrier without any 

licensing and costly cables. Photonic crystal fibers also play a significant role to deliver data at 

faster rate for short haul communication. This paper, for the first time to the author’s best 

knowledge, utilizes mode division multiplexing in conjunction with solid core PCFs to transmit 2 

x 2.5Gbps-5GHz data over 2.5 km free space link. The results are reported in terms of Bit error 

rate (BER), spatial profiles of received modes, mode spectrum of modes and eye diagrams. 

Furthermore, proposed PCF-MDM-Ro-FSO transmission system is also reported under the 

impact of atmospheric turbulences.  

Keywords: Radio over Free Space, Photonic Crystal Fiber, Mode Spectrum, Mode Division 

Multiplexing, Atmospheric turbulences 

 I Introduction 

The development of online multimedia services gave rise to the number of cellular subscribers to 

7.5 billion last year, as reported by the International Telecommunication Union (ITU) [1]. This 

has further augmented the relevance of radio frequency (RF) spectrum among wireless operators. 

Wireless network infrastructure has played a significant role in Ro-FSO technology, where 

subscribers transmit RF signals via a high-speed optical carrier without expensive optical fiber 

cabling or RF licensing [2-5]. Ro-FSO technology can be used for exploiting a different segment 

of the electromagnetic spectrum for the mobile networks while emphasizing RF spectrum 

congestion issues in current wireless networks. This technology can be utilized for a number of 

processes including RF up-down conversion, handoff, switching, coding and multiplexing, either 

centralized or shared among all base stations [6]. Compatible with existing mobile cellular 

architectures, Ro-FSO a) allocates RF signals at high bandwidth, b) features low attenuation 

losses, and c) consumes less power [7, 8]. Ro-FSO may pave the way towards a ubiquitous 

platform for seamless integration of radio and optical networks without expensive optical fiber 

cabling in WLANs [9]. Recent developments in Ro-FSO include experimental measurements [9-

11] and mathematical modeling [12-15] under atmospheric turbulence and scintillation effects. To 

increase the capacity of Ro-FSO systems, multiplexing in the wavelength [16], intensity 

[17]matand polarization [18] dimensions has been demonstrated. The eigen-mode dimension has 
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garnered significant momentum in recent years for multiplexing disparate data streams in mode 

division multiplexing (MDM). MDM has been implemented in optical fiber communications 

through digital holograms [19, 20], optical signal processing [21, 22] and photonic crystal fiber 

(PCF) [23, 24]. MDM-based Ro-FSO can be used for defense and security applications [3, 25]. 

MDM can be utilized for enhancing system capacity and security against physical layer attacks. In 

the recent years, researchers have demonstrated efficient role of MDM in free space optical 

networks [26, 27]. A study in 2016 [28] implemented the super-positions of ℓ=±1, ±2 and ±3 at 

various relative phases to encode information while transmitting orbital angular momentum 

(OAM) mode of light over 143 km free space link between two islands. Further, the relative 

phases showed rotation in mode structure based on the intensity of each mode. This technique was 

previously utilized for checking the transmission quality in classical [29] and quantum [30] 

experiments over 3 km intra-city link. In 2016 [31], researcher have demonstrated the 

transmission of 1.44Tb/s over 1.8m FSO link by employing pulse amplitude modulation (PAM), 

OAM and polarization division multiplexing (PDM). In this experiment, 24 OAM modes are 

generated by using spatial laser modulators and PDM scheme. In another experiment [32], 

researchers have transmitted 40Gbps 16 QAM signals over 260m FSO link by using OAM 

technique. In this experiment, two OAM modes (ℓ=±3) are generated by using two SLM’s. In 

2015 [33], authors has shown 100 Gbps data transmitting over 1.15 km of low loss photonic band 

gap fiber and 1 km of solid core fiber. The reported results show that mode coupling to higher-

order modes has resulted in minimal OSNR penalty associated with SCF and ~1-2 dB penalty 

associated with HC-PBGF. In another work [34], authors have shown zero dispersion PCF to 

minimize dispersion in optical fiber communication systems. The reported results show that the 

proposed PCF with its low confinement loss can be useful in sensor and communication 

applications. In 2016 [23], authors has shown dual core PCF for mode conversion (between LP 01 

and LP 11 modes, and LP 01 and LP 21 modes). In another work [35], authors have shown mode 

selective coupler based on dual core PCF for mode conversion between LP 01 and LP 11 modes. 

In 2017 [36], authors has reported polarization beam splitters based on dual core PCF with 

magnetic fluids in air holes. 

 The current paper aims to investigate, for the first time to the author’s best knowledge, the 

potentials of SC-PCF for mode selection in MDM-Ro-FSO networks. 

In this work, 2 X 2.5Gbps-5GHz data is transported over 2 km free space link by using mode 

division multiplexing of LG 01 and LG 02 modes in conjunction with two PCFs at transmitter 

side and two PCF’s at receiver side to provide mode equalization, which is not reported in any 

previous works. The rest of the paper is divided as follows: Section II describes proposed model 

and structure of PCF, Section III presents the result and discussion part followed by section IV 

which presents the conclusion of this work. 

II Simulation Set up 

 A schematic diagram of 2 x 2.5Gbps-5GHz proposed hybrid MDM-PCF-Ro-FSO 

transmission system, simulated in OptSim
TM

 and BeamProp
TM

 software, is illustrated in Figure 1. 

Two independent non return to zero (NRZ) encoded Channels, excited from two different PCFs, 

are transmitted over 2 km free space link. Each Channel carries 2.5Gbps-5GHz data modulated 

simultaneously by LiNB3 optical modulator. Two distinct modes LG 00 and LG 01 are excited 

from spatial laser. Channel 1 is operated on LG 00 mode in conjunction with PCF A whereas 

channel 2 is operated on LG 01 in conjunction with PCF B. Figure 2 represents internal core 



structures of PCF A and PCF B. Spatial laser is used to generate LG 00 and LG 01 modes, 

polarized in x-direction.  

 

Figure 1: 2 x 2.5Gbps-5GHz Hybrid MDM-PCF-Ro-FSO Transmission System 

  

 
(a) 

 
(b) 

Figure 2:  Structures of PCFs (a) PCF A (b) PCF B 

The mathematical description of the LG mode is given as [37]: 
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The laser beam is then coupled into PCF structures having length of 10 micrometer. Figure 3 

represents computed mode spectrum of PCF A and PCF B. As shown in Figure 3 when LG 00 is 

launched into PCF A, 93.1 % of power is computed in dominant mode at the output of PCF A 

with effective index of 1.45 whereas when LG 01 mode is launched into PCF B, 92.9 % of power 

is computed in dominant mode at output of PCF B with effective index of 1.47.  

 

 
(a) 

 
(b) 

Figure 3: Computed Mode Spectrum  (a) After PCF A (b) After PCF B 

Similarly, Figure 4 depicts the transmitted transverse modal field of PCF A and PCF B. Coupling 

between mode groups is modelled based on an iterative method [38]: 
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Where ‘ q ’ is the mode number, ‘ ( , )qP z t ’ is the average power signal, ‘ gv ’ is the group velocity, 

‘ q ’ is the power attenuation coefficient, ‘ qd ’ is the mode coupling coefficient between the mode 

groups ‘ q ’ and ‘ 1q ’, ‘ qk ’ and ‘ 1q  ’ are degeneracy factors. The other parameters of PCF A, 

PCF B at transmitter side and PCF C, PCF D at receiver side are illustrated in table 1. The 2.5 km 

FSO link is used for transmitting the combined output of two channels. 

 



 
(a) 

 
(b) 

Figure 4: Transmitted transverse modal field (a) Channel 1- PCF A (b) Channel 2- PCF B 

 

Parameters  PCF A  PCF B PCF C  PCF D 
No of Rings 4 5 4 5 

Diameter of Air Holes, 

d ( m) 

1 2 1.6 2 

Distance between air 

holes, 

g ( m) 

2.3 5 2.3 5 

Ratio of Distance 

between Air holes to 

diameter of air holes, 

g/d 

2.3 2.5 1.4375 2.5 

Table 1: Parameters of PCFs at Transmitter Side and Receiver Side 

The mathematical description of FSO link described as [37]:  
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whereas ‘𝑑𝑅’ defines receiver aperture diameter, ‘𝑑𝑇’ is the transmitter aperture diameter, ‘𝜃’ is 

the beam divergence, ‘R’ is the range, ‘𝛼’ is the atmospheric attenuation. The performance of the 

proposed Ro-FSO system under atmospheric turbulences is evaluated by considering 

atmospheric attenuation value as 0.14 dB/km, 9 dB/km, 16 dB/km, and 22 dB/km in clear 

weather conditions, thin fog, thick fog, and heavy fog respectively [39, 40]. At the receiving 

side, optical beam is divided into two PCFs C and D for decomposing the transmitted modes. 

The structures of PCF C and PCF D are slightly different and flipped with respect to PCF A and 

PCF B, so that relevant mode is selected as shown in Figure 5.  



 
(a) 

 

 
(b) 

Figure 5: PCF Structures (a) PCF C (b) PCF D 

The effective index of PCF C is set at 1.45 in order to synchronize with PCF A, whereas 

effective index of PCF D is set at 1.47 in order to synchronize with PCF B. After the PCFs, the 

optical beam is converted to electrical signal with the help of spatial photodetector, with aperture 

area of 10𝜇𝑚, followed by bit error rate tester. 

 III Results and Discussion  

In this section, the results from simulation of proposed hybrid MDM-PCF-Ro-FSO system are 

discussed and presented. Figure 6 shows the computed mode spectrum before the PCFs as well 

as after the PCFs at receiving side. It has been reported that 80% of optical power in dominant 

mode is achieved at output of PCF C with effective index of 1.45, whereas 85.1% of power in 

dominant mode is achieved at output of PCF D with effective index of 1.47.  Whereas without 

PCF only 20 % and 40 % of power is noted in dominant modes for both channel 1 and channel 2 

respectively. Figure 7 represents the received modes at receiver sides after FSO link of 2   km. 

PCF C and PCF D are used to compensate lost power and attenuation introduced in FSO 

transmission Channel. Similarly, Figure 8 shows the measured BER of Channel 1 and Channel 2 

with and without PCF conjunction. High improvement in BER is noted in case of PCF 

conjunction as compared to without PCF equalization.  

 
(a) 

 
(b) 



 
(c) 

 
(d) 

Figure 6: Computed Mode Spectrum at Receiver Side (a) after FSO Channel 1 (b) after FSO 

Channel 2 (c) PCF C (d) PCF D 

 
(a) 

 
(b) 

Figure 7: Received transverse modal field at FSO link of 2km (a) Channel 1- PCF C (b) Channel 

2-PCF D 



 

 

Figure 8: Measured BER with and without PCF Equalization (a) Channel 1 (b) Channel 2 

BER for channel 1 with PCF equalization is noted as 3.6292 x 10
-19

, 2.5599 x 10
-11

 and 5.0078 x 

10
-7

 as compared to without PCF equalization for which it is noted as 3.3421 x 10
-6

, 2.4526 x 10
-

1
 and 1 at the FSO link distance of 1000 m, 2000 m and 2500 m respectively. Consequently, 

BER for channel 2 with PCF equalization is computed as 1.1828 x 10
-19

, 1.1695 x 10
-15

 and 

4.0422 x 10
-11

 as compared to without PCF equalization for which it is noted as 2.4351 x 10
-7

, 

3.5434 x 10
-1

 and 1 at the FSO link distance of 1000 m, 2000 m and 2500 m respectively. The 

measured eye diagrams are shown in Figure 9, which indicates that with PCF equalization, the 

FSO link is extended to 2.5 km with required BER and eye diagrams. 
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Figure 9: Measured Diagrams (a) Channel 1 at 2000m (b) Channel 1 at 2500m (c) Channel 2 at 

2000m (d) Channel 2 at 2500m 

 
(a) 

 
(b) 

Figure 10: Evaluation of Proposed Hybrid PCF-MDM System under atmospheric attenuations (a) 

Channel 1 (b) Channel 2 

Similarly, Figure 10 represents evaluation of proposed hybrid PCF-MDM transmission system 

under impact of atmospheric attenuations. It indicates that under impact of thin fog, BER for 

Channel 1 is computed as 1.7157 x 10
-20

 and 1.9138 x 10
-12

; under thick fog it is 3.7344 x 10
-19

 

and 1.6031 x 10
-4

 at link distance of 200 m and 600 m.  Whereas for Channel 2, under thin fog, it 

is computed as 1.8737 x 10
-20

 and 1.2229 x 10
-16

; under thick fog it is 1.2026 x 10
-19

 and 1.2471 

x 10
-7

; link distance of 200 m and 600 m.  Figure 11 shows the evaluation of BER for channel 1 

and channel 2 under influence of heavy fog. The value of BER for channel 1 is measured as 

2.5599 x 10
-11

 and 1 whereas for channel 2 it is measured as 1.1695 x 10
-15

 and 1 at FSO link 

distance of 200 m and 400m. 

 



 

Figure 11: BER versus FSO Link under heavy fog 

Thus, under atmospheric turbulences, the FSO link for channel 1 and channel 2 prolongs to 600 

m under thin fog, 400 m under thick fog and 200 m under heavy fog with acceptable BER of 

≈10
-10

. 

IV Conclusion  

The current work is based on transmission of two channels, having 2.5Gbps-5GHz NRZ encoded 

data each, operated on LG 01 in conjunction with PCF A and LG 02 in conjunction with PCF B 

are transmitted over 2.5 km FSO link. The results are reported in terms of received spatial 

profiles of transmitted modes, mode spectrum at receiver side, BER and eye diagrams. It is 

concluded from the reported results that each channel is transmitted and received successfully 

over 2.5 km FSO link with acceptable BER and eye diagrams. The use of PCF both at transmitter 

and receiver side shows significant improvement in data transmission. The FSO link for both 

channels extends to 2.5 km with required BER in clear weather, whereas when atmospheric 

conditions changes to thin fog, it prolongs to 600 m; for thick fog it prolongs to 400 m; for heavy 

fog it prolongs to 200 m with acceptable BER of ≈10
-10

.  
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