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Abstract 
 

 

Recently, there has been a dramatic increase in the amount of data transmission within 

short range local area networks (LAN). Multimode fibre (MMF) is widely used in 

local area networks because of its coupling and alignment along with the low cost of 

related components. Graded index MMF has become common due to the reduction in 

pulse spreading; however, as demands for high bandwidth increase towards a future 

gigabit rate network, the typical MMF using conventional transmission methods will 

not be suitable. Meanwhile, this increasing demand for high speed data transmission 

will soon reach the Shannon capacity limit of single mode fibres. After multiple input 

and multiple output (MIMO) technology was successfully used in wireless 

communication, the researcher realised that the same idea could also be applied to an 

optical fibre network. Optical MIMO techniques are gaining interest in order to create 

parallel channels over orthogonal modes in a MMF or a few mode fibre (FMF). This 

approach could lead to a significant increase in the bandwidth distance product and be 

employed in the next 40Gb/s or even 100Gb/s optical fibre transmission systems. 

Generally speaking, optical MIMO appears to be the best solution to the bandwidth 

limitation problem in either short distance MMF or long distance FMF systems.  

 

This thesis focuses on designing a simple, cost-effective, and energy efficient optical 

MIMO system based on MMFs. This proposed system can be realised by combining 

radial offset launching and annular multi-segment detectors. First, in the initial work, 

we performed a theoretical and numerical study of the key impairments of MMFs, and 

the mode propagation in an MMF was analysed mathematically. The variation in 

electrical field intensity for linearly polarised (LP) modes in the core region of an 

MMF and the analytical solutions for power coupling coefficients in either radial 
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offset launching or centre launching were presented. In addition, the modal time 

delays, impulse response, and transfer function were all introduced. Subsequently, the 

near field intensity pattern (NFP) was simulated at the output facet of the MMF, 

which indicated that the overall NFP suffered from blurring when it contained mode 

mixing, and that the intensity pattern was particularly sensitive to the random phase. 

According to the spatial distribution of the NFP, the annular detector can be exploited 

more efficiently. All of the results were calculated and plotted using the MATLAB 

program.  

 

Secondly, the optical MIMO model in the multimode fibre was briefly summarised, 

including the MIMO channel matrix H expression, a mathematical expression of 

optical MIMO capacity, MIMO channel estimation and an equalization method. Two 

metrics can be used to characterise the MIMO channel performance: condition 

number and crosstalk at each receiver. The numerical results demonstrated that the 

new type of annular multi-segment detector exhibits superior performance compared 

to the conventional multiple single mode fibre (SMF) detectors, making them 

attractive for future optical MIMO systems. 

 

Finally, the core work of this thesis can be divided into two parts: the modelling of a 

10Gb/s intensity modulation direct detection (IM-DD) optical MIMO MMF system; 

and the modelling of an advanced 10Gb/s coherent differential phase shift keying 

(DPSK) MIMO FMF system. In both simulation systems, the important transmission 

parameters of intra-group mode mixing, modal dispersion, chromatic dispersion, and 

mode attenuation were considered and discussed in detail. In the IM-DD optical 

MIMO system, the optimization of the transceiver can be based upon the laser spot 
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size and the power flux distribution emitted by the transmitter. Results from the 

simulation showed that the intra-group mode mixing had a limited impact on system 

performance, and due to its inability to compensate for linear impairments, the IM-

DD optical MIMO was not favourable for long distance transmission systems. 

Nevertheless, the new type of optical fibre FMF seems to be the most promising 

candidate for use in long haul transmission systems. Therefore, the well-known DPSK 

modulation format in conjugation with the coherent detection deployed in FMF was 

studied. Both heterodyne and intradyne detection schemes were analysed followed by 

mathematical derivation and numerical simulation; the results illustrated that similar 

system performances can be achieved in both schemes. Meanwhile, the coherent 

DPSK simulation results also demonstrated that the linear impairments were almost 

compensated by the frequency domain MIMO equalization process, which resulted in 

system performance being independent to transmission distance for up to 10km. This 

advantage proved that the coherent optical DPSK MIMO system can be employed in 

long haul networks. As with an IM-DD optical MIMO system, optimization of a 

coherent MIMO system was also possible. However, in contrast to the optimization of 

an IM-DD MIMO system, a trade-off had to be made between sufficient spatial 

diversity at the transceiver and differential modal delay caused by modal dispersion; 

consequently, the numerical results showed that the proposed coherent optical DPSK 

MIMO gained reasonable good results without using any active device, such as a 

spatial light modulator and a mode converter. In conclusion, this proposed optical 

MIMO system provided easy implementation and integration and is feasible for use in 

future optical communication systems.  
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Chapter 1: Introduction 

In this chapter, an overview of a multimode fibre communication network is 

introduced. The related works and current state of multimode fibre bandwidth 

improvement techniques are briefly summarised. Finally, the objective of this research 

work and the structure of the thesis are both outlined at the end of this chapter.  

 

1.1 Multimode fibre communication network 

Since optical fibres were first used in telecommunication links, they have provided 

high speed and reliable communications. Communication systems can be 

characterised by their geographical range, which varies from long haul networks to 

short distance connections in which the distance does not exceed a few kilometres. 

Multimode fibre (MMF) can be used in many areas such as industry, transport, 

medicine and defence. Typically, MMF is predominantly used in high speed and 

short-range networks, for instance, local access networks (LAN), building networks, 

and super computer networks [1]. In access networks, fibre to the home appears to be 

a promising solution to meet the future requirements of broadband communications. 

MMFs have become the dominant transmission medium in LANs or backbone 

networks because of the ease of coupling, connecting, aligning, and the low cost of 

related components. Due to their large core diameter and numerical aperture (NA), 

MMFs can be easily coupled with more light than single mode fibres with narrow 

core diameter. This significant advantage allows the use of low cost optical light 

sources such as light emitting diodes (LEDs) and vertical cavity surface emitting 

lasers (VCSELs), which operate in the 850nm wavelength window. At the same time, 

when compared with the expensive transceiver design in a single mode fibre network, 



2 

 

the inexpensive MMF network makes MMF a good choice in short distance networks 

[2].  

 

At the beginning of the optical fibre transmission age in 1970, MMFs used LEDs to 

provide optical links with low bit rates (below 200Mb/s ) [3]. The graded index MMF 

became a predominant type of MMF due to its reduction in intermodal dispersion, 

which resulted in reduced pulse spreading. Building backbone links were mainly built 

using 62.5/125μm graded index MMF, mostly for less than 300 meters [4-6]. The 

10Mb/s Ethernet used LEDs with wavelength of 850nm, while the 100Mb/s one used 

1300nm LEDs due to the lower attenuation and dispersion at a wavelength of 1300nm 

[7-9]. To further increase the data rate, LEDs cannot play a major role in high speed 

links, which are primarily created by providing a large time delay difference between 

each mode in the MMF. An alternative solution uses spectrally narrow, highly 

collimated VCSEL beams as an efficient light source instead of LEDs, especially for 

data rates exceeding 100Mb/s [10]; however, this strategy requires new MMF 

launching conditions. In 2003, a 500m 1Gb/s network solution using 62.5μm MMF 

and short wavelength (830-860nm) laser transceivers with VCSELs was developed 

[11]. Furthermore, a 10Gb/s solution using 50μm MMF fibre achieved a standard 

building-backbone link of up to 300 metres [12].  

 

Apart from the development of various optical sources, the high bandwidth and laser 

launch optimized 50μm-core MMFs (OM3, OM4) have proven to be the most cost- 

effective medium in high speed and short range transmission networks. The OM3 and 

more recently OM4 fibres can support 10Gb/s at 850nm (10G-BASE-S) over 300 and 

400m respectively, at a low bit error rate (< 1210 ) without forward error correction [1, 
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13-15]. In order to boost the bandwidth even more, the commercial 1300nm VCSEL 

became available and was deployed in the current LANs [10, 16]. Although the 

1300nm VCSELs are readily available, their high cost causes the 850nm VCSEL to 

still be the preferred optical source in short distance networks. By the end of last 

decade, the low cost, low power consumption, circular output beam, and fast direct 

modulation of VCSELs could reliably support 10Gb/s and potentially 40Gb/s at a 

wavelength of 850nm [1, 17].  

 

The current internet traffic growth rate is approximately 100% each year [3, 12], 

making it necessary to increase our transmission capacity and bandwidth in the 

existing fibre infrastructure. In 2010, a new high speed IEEE 40/100Gbps standard 

(802.3ba) was approved to allow OM3 and OM4 fibres to be used to transmit for 100 

and 150m, respectively [18]. The combination of 850nm VCSEL with 5μm oxide 

apertures and integrated mode filter in MMFs has already been demonstrated to 

enable error free (bit error rate 1210 ) transmission at 25Gbit/s over 500m of OM3 

fibre [19]. An improved high speed oxide confined 850nm VCSEL [20] can achieve 

error free data transmission at 47Gb/s at room temperature and at 40Gb/s under 

extreme conditions (85 degrees Celsius) [21]. 

 

More recently, researchers have begun to study the interaction between chromatic 

dispersion and modal dispersion in MMFs since the optical spectra of VCSELs 

exhibit spatial dependence when the transversal multimode VCSELs are coupled to 

MMFs. Conceptually, the lowest order modes of the optical source that exhibit the 

longest wavelength mainly couple to the lowest order modes in MMF; therefore, 

chromatic dispersion will delay the lowest order modes compared with the higher 
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order modes. Consequently, chromatic dispersion compensated MMFs can be 

designed by carefully changing the refractive index profiles of MMFs to allow 

differential mode delays with an opposite sign [22]. The use of chromatic dispersion 

compensated MMFs could achieve 40/100GbE links of up to 400m and bridge 150m 

at 25Gbps without equalization or forward error correction [23]. This would lead to a 

significant improvement in transmission distance.   

 

Currently, the expected bit rate of an MMF link has jumped to 40 or 100Gb/s from 

most service providers; the conventional transmission method of MMF will not be 

suitable for future gigabit links. The new challenge facing us now is to utilize the 

deployed MMFs in 40/100Gbps networks for short distances (<10km). Although 

significant improvement in transmission speed was made in the last ten years, the 

exploitation of the MMF itself has still not been fully considered. When MIMO 

technology was successfully used in wireless communications, researchers realised 

that the same principle could also be applied to optical MMF networks. The 

simultaneous transmission of vast signals through different guided modes in either 

MMFs [24-27] or few mode fibres (FMFs) [28-30] is currently attracting enormous 

attention as it seems to be the most promising and cost-effective solution to the 

imminent capacity crunch of optical fibre communication systems [31, 32]. This 

optical MIMO approach could lead to a significant improvement in bandwidth and be 

employed in the next 40Gb/s and 100Gb/s networks.  
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1.2 Improving multimode fibre bandwidth 

In optical communication systems, the term bandwidth-distance product is often used 

to compare the performances of different fibre links and measure the transmission 

capacities of optical fibre links in MHz Km . Due to the increased demand for high-

speed LAN networks, there is much interest in studying the effective use of existing 

MMFs. A brief review of these research methods is necessary. In this chapter, research 

on high bit rate MMF transmission networks is reviewed, including selective mode 

excitation, refractive index profile enhancement, electronic dispersion compensation, 

subcarrier multiplexing, wavelength division multiplexing (WDM), and the recently 

developed and important optical MIMO technology. Lastly, the objectives and 

organization of the thesis are introduced.  

 

 

1.2.1   Selective mode excitation 

 
The conventional excitation method is designed to uniformly excite all the guided 

modes within an MMF using a low intensity LED or laser; this is called overfilled 

launching. Overfilled launching can only achieve 500MHz·Km at a wavelength of 

1.3µm (low material dispersion window) [33-35]. Several studies have shown that the 

transmission bandwidth can be increased significantly by using restricted offset 

launch techniques [36, 37]. The basic idea of selective excitation is to excite only a 

subset of all of the propagation modes with a similar modal propagation constant in 

MMF. This greatly reduces the ISI, resulting in an enhancement in bandwidth. The 

offset launching technique has been experimentally and theoretically studied by 

Raddatz [34, 35]. By radially offsetting the laser spot from the core centre, the 

number of excited modes was largely reduced compared to the number of excited 
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modes in conventional overfilled launch (OFL). As a result, it was successfully 

demonstrated that the bandwidth can be increased by four times compared to the 

conventional launching method [34]. An experimental study also demonstrated that a 

bandwidth-distance product of 7.5Gb/s.km can be achieved using a standard MMF by 

employing an offset launch, indicating the feasibility of transmitting multiple gigabits 

over 1 to 2km in MMF links [35]. Even though offset launching provides a higher 

bandwidth in MMF links, it is difficult to generate repeatable offset launching in 

practice without knowing the exact offset value because of small alignment tolerances 

of less than 10μm [36]. However, this problem can be overcome by using a fibre with 

an angled (20 degree) end surface, which can produce bandwidth improvement with a 

large alignment tolerance [34]. However, the precise alignment and geometry of the 

transmitter and receiver are still limiting factors.  

 

Several other proposed methods can be used for MMF excitation, including: 

employing a computer-generated optical mask [38]; creating a line launch using a 

passive beam shaper on the MMF front facet, enabling the launching of a single mode 

group [39]; using spatial light modulation (binary phase modulator) at the MMF input 

[40]; and combining spatial light modulation with binary phase spatial light filters [41, 

42]. The drawback of the above methods is the need for an extra optic lens and a 

spatial light modulator (SLM), which increases the cost and complexity.  

 

 

1.2.2   Electronic dispersion compensation (EDC) 

 
The most robust and cost-effective method to mitigate the ISI caused by modal 

dispersion is electronic equalization. Electronic dispersion compensation (EDC) can 

be used in either the analog or digital domain and implemented at the receiving end 
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by an equalization process. In general, the electronic equalization of 10Gb/s MMF 

links employs either a feed forward equalizer (FFE) or a decision feedback equalizer 

(DFE) as the adaptive filter. An FFE is actually a finite impulse response (FIR) filter, 

while a DFE is an infinite impulse response (IIR) filter [43-47]. Many reports have 

shown that FIR filters are more stable than IIR filters; however, DFE filters have a 

higher capability to compensate for the distorted signal in 10Gb/s MMF networks [47-

49]. 

 

FIR filters manipulate the inverse impulse response of the fibre dispersive channel in 

order to compensate the distorted signal. This can be completed by matching the time-

delayed weights to the amplitude of the MMF impulse response by using the least 

mean squares algorithm, minimising the mean square error, or by using other 

advanced algorithms to compensate the errors [44, 45, 48, 50]. In 2002, a researcher 

used a decision feedback equalizer to demonstrate a 10Gb/s transmission through a 

1.5km 62.5µm MMF [50]. Furthermore, the demonstration of a third order infinite 

impulse response (IRR) filter that could equalize a 40Gb/s data stream over 50m in 

MMF links with a compensation of over 90% of the modal dispersion has been 

reported [51]. Recently, with the advances in integrated circuit technology, a 7-tap 

FIR equalizer based on a tuneable active delay line can successfully operate from 10 

to 25Gb/s was realised in a 28-nm low power CMOS [52]. Although the EDC is 

capable of adapting the variation in the response of different fibre and launching 

conditions, faster and more accurate circuits for processing the received signals are 

needed. In addition, for the equalization strategies implemented in 25Gb/s networks, 

the thermal noise of the receiver, the large area of the photodiode, and the limited 

available power budget (VCSEL based MMF links) all remain significant challenges 
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[53, 54], even if the impairments in MMF links can be mitigated.   

 

1.2.3   Improvement in refractive index profile 

 
Due to the difficulties in fabricating GI-MMF fibres with ideal refractive index 

profiles, some profile defects must be taken into account, such as a dip or tip at the 

centre of the fibre core region and sudden or exponential core-cladding defects [55, 

56]. Fibres with non-ideal refractive index profiles suffer from increases in intermodal 

dispersion, which can significantly affect the MMF transmission characteristics. The 

refractive index profile optimization depends on the fibre geometry, wavelength, and 

material properties. A new manufacturing process known as plasma assisted chemical 

vapour deposition (PCVD) has successfully produced optical fibres with almost ideal 

refractive index profiles [57, 58]. In spite of the many efforts that have been made to 

optimize the refractive index profile of MMF, in reality, most installed MMFs have 

non-ideal refractive index profiles. The cost of replacing restricts their usage in 

improving the existing MMF bandwidth. 

  

1.2.4    Wavelength division multiplexing (WDM) 

 
WDM is an important method of simultaneously transmitting data from different 

sources over the same fibre using different wavelengths for each independent signal 

channel [55]; the aggregate bandwidth then increases dramatically with the number of 

wavelengths exploited, but the wavelength must be properly spaced in order to avoid 

inter-channel interference. WDM includes dense WDM (DWDM) and coarse WDM 

(CWDM); CWDM, which is sometimes called wideband WDM, is a low cost and has 

more tolerance with respect to variations in wavelength [59]. Both DWDM [59-61] 

and CWDM [62, 63] implementations show reliable and robust performances in MMF 
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links, but CWDM is more appropriate for use in MMFs because of its more relaxed 

requirements for system design and system components. The advantage of WDM is 

that each of the optical channels can transmit any signal format by using different 

wavelengths, and that there is no need for a common signal structure [64].  

 

It has also been demonstrated that the all-fibre WDM in an MMF network can be 

achieved by using a fibre Bragg grating fabricated in a mutlishell MMF. The purpose 

of the MMF fibre Bragg grating for spectral filtering is to eliminate the coupling 

losses between the fibre and bulk optics [65]. Subsequently, further effort was made to 

combine WDM transmission and low linewidth distributed feedback laser (DFB) with 

centre launching. This combination scheme can successfully achieve 10x20Gb/s 

200GHz-spced ITU grid’s C-band through a 5km link of a 62.5μm graded index silica 

multimode fibre without error, and an aggregate bit rate per length product of 

1Tb/s·km has been reported [66]. The ultra-wideband (850, 1310, and 1550nm) 

3x10Gb/s WDM transmission in a 1km long GI-MMF using photonic crystal fibre as 

a centre launching and mode filtering device was later successfully demonstrated [67]. 

In addition, the combination of WDM and mode group division multiplexing became 

another method of increasing the bandwidth, and an 80Gb/s transmission over a 20m 

GI-MMF has been experimentally demonstrated [68].  

 

Although WDM is a promising solution, the stable and precise wavelength of the 

optical laser source, selectivity of the optical filter and cost issues are the constraining 

factors in the current commercial WDM system. More importantly, the installed 

MMFs are expected to transmit more data over a longer distance, which limits the 

exploitation of WDM. This is due to the sensitivity to polarization mode dispersion 
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and nonlinearity induced by fibre imperfection when the data rate reaches 40Gb/s or 

even higher. Furthermore, WDM may not be compatible with the equalizer at 40Gb/s 

or higher.    

 

1.2.5   Subcarrier multiplexing (SCM) 

Until now, the above mentioned methods only utilized the baseband of the MMF 

frequency response and have not exploited the MMF frequency response in the high 

frequency range. Many researchers have shown that the MMF frequency response 

does not decrease rapidly in the high frequency region, and the frequency response in 

the high frequency range becomes relatively flat. One interesting approach to exploit 

the high frequency region is subcarrier multiplexing (SCM) [69-71]. SCM is a simple 

and low cost method that can substantially increase the bandwidth of MMF links. It 

works by dividing the high bit rate signal into many low bit rate signals; these low bit 

rate signals are then multiplexed and transmitted in the radio frequency domain using 

a single wavelength [69, 71-73]. The subcarrier frequency may be chosen at the deep 

nulls and regions where the amplitude of frequency response is 10dB below the 

average value [74-77]. The frequency spacing between the neighbouring subcarrier is 

much narrower than in a conventional WDM system. In addition, using optical single-

sideband modulation in the SCM system can reduce the impact of fibre chromatic 

dispersion and improve the bandwidth efficiency.  

 

An experiment with a 10Gb/s SCM MMF system in which 4x2.5Gb/s data streams 

were combined into one single wavelength demonstrated that occupied an optical 

bandwidth of approximately 20GHz [72]. The combination of WDM and SCM 

provides a more flexible platform for high speed optical networks with high optical 
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bandwidth efficiency and a higher dispersion tolerance [6, 76, 78]. It has been shown 

the possibility of a 40x5.1Gb/s WDM/SCM system over both 500m of worst case 

62.5μm MMF and 3km of 50μm MMF [6]. In the same manner as frequency division 

multiplexing, orthogonal frequency division multiplexing (OFDM) can be regarded as 

another candidate for improving MMF bandwidth. OFDM splits the high bit rate data 

signal into many low bit rate signals and modulates onto the orthogonal subcarriers 

for transmission. The experiment presented a 107Gb/s coherent optical OFDM signal 

in both non-amplified and amplified MMF links, and a record performance of 

10Tb/s.km was achieved by using centre launching and OFDM equalization [79, 80]. 

The 2x2 MIMO transmission using SCM with modal diversity and direct detection 

has shown a superior performance compared to conventional intensity modulation 

direct detection schemes [81]. Although SCM has revealed some advantages over the 

WDM scheme, the bandwidth gain of SCM may still be less than that of WDM.  

 

1.2.6   Optical MIMO in multimode fibre (MMF) 

Several common techniques used for increasing bandwidth have been summarised so 

far, and each of these techniques has shown substantial enhancement in the bandwidth 

distance product but these techniques do not reveal the theoretical potential to 

increase MMF bandwidth by exploiting its inherent capacity [82]. The wireless 

MIMO (multiple input and multiple output) systems, which refers to the use of 

multiple antennas at the transmitters and receivers to improve the performance of 

radio communication systems provides a significant increase in data throughout and 

link range without additional bandwidth or transmit power, while it can also improve 

the spectrum efficiency. In wireless MIMO, the scattering or multipath nature is the 

key factor to increase the capacity linearly with the number of antennas [83]. The 
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facts that the MMF links can be considered to be dispersion limited rather than noise 

limited, and each guided mode can be regarded as an individual scattering path similar 

to wireless MIMO implies a sufficient spatial degree of freedom; therefore, most of 

the principles in the wireless MIMO system can also be adapted to optical MIMO in 

MMF networks [42]. The following subsections give a short overview of the optical 

MIMO MMF system and present current research on optical MIMO, including optical 

MIMO implementations and various detection methods. Lastly, some problems that 

may be involved in exploiting optical MIMO systems are discussed.   

 

1.2.6.1   Dispersive multiplexing 

The first report about optical MIMO was introduced by H.R.Stuart and called 

dispersive multiplexing, which improves the capacity of MMF by exploiting modal 

dispersion rather than avoiding it. Figure 1.1 depicts the proposed system reported in 

reference [82].  
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                          Figure 1.1   The dispersive multiplexing system diagram  

In dispersive multiplexing the independent phase modulated electrical subcarrier 

signals are used to modulate laser intensity, and a splitter is then used to combine 

them together into the MMF. At the receiver side, the optical beam is split between 
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two photodetectors and each detector receives power from all transmitters. A complex 

valued matrix H can be used to relate the electrical input signal and the output signal. 

This system works based on the modal coupling diversity at both the input and output 

of the MMF. If the modal dispersion is sufficient, each element of the transmission 

matrix H can be modelled as an uncorrelated Gaussian random variable that is 

analogous to the Rayleigh fading model in wireless MIMO. The transmission matrix 

must be estimated and inverted in order to recover the transmitted signal, and once the 

system has insufficient coupling diversity or insufficient dispersion, the inversion of 

the matrix will then generate a large multiplicative factor to noise, which reduces 

transmission performance [82]. In other words, the more guided modes or modal 

coupling diversity there is, the closer the channel matrix becomes to a random 

complex Gaussian matrix with uncorrelated elements, thus providing maximum 

capacity [84]. To keep sufficient modal diversity, a minimum fibre length is required. 

Typically, a fibre length of 1km to 2km with a subcarrier frequency of 500MHz to 

1GHz is required [84, 85]; however, this typical length is much longer than the 

installed MMF in LAN. Meanwhile, the biggest difficulty in utilizing this scheme 

may result from coupling multiple light sources into the core region of MMF and 

multiple detections at the receiver end.  

 

1.2.6.2   Modal multiplexing 

In an MMF, there are many guided modes that can be used as an independent channel 

for transporting signals. Each mode is excited separately and detected with the aid of 

the modal fields, and such a scheme is called modal multiplexing [86]. In order to 

allow this modal dispersion scheme to be deployed in the MMF links, the mode 

power coupling between each mode must be minimised, or, in other words, the mode 
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coupling should be avoided. Therefore, this inevitable mode coupling limits its usage 

and reduces the feasibility in MMFs. Furthermore, the accuracy of exciting and 

detecting each mode is not trivial, but a 2x2 optical MIMO system using computer 

generated holograms and an optical correlator for channel multiplexing and de-

multiplexing in an optical MIMO system has been demonstrated [87, 88]. Apart from 

the merit of accurate mode selection, another advantage of the holographic method is 

that it operates in an optical domain, which can improve the robustness of the system 

without any electronic implementation.  

 

1.2.6.3   Mode group diversity multiplexing (MGDM) 

Mode group diversity multiplexing is actually an intensity modulation and a direct 

detection optical MIMO technique. MGDM can be implemented with radial offset 

Gaussian beams at the input facet of GI-MMF via SMF launching or MMF couplers 

and spatially selective detecting of the optical power at the output [25, 89, 90]. 

According to the spatial distribution of the near field intensity pattern, the output 

signals can be detected using multiple single mode fibres positioned at the output 

facet of the MMF or multi-segment detectors (MSD). The basis of MGDM is to excite 

different groups of modes and use them as an individual channel. The numbers of 

transmitters (N) and receivers (M) should identical in order to minimise the power 

penalty caused by a higher power-splitting factor and SNR [90].  

 

In the MGDM system the transceiver design is independent of fibre length and 

provides high coupling efficiency for all input beams. Moreover, MGDM is also 

transparent to the signal format as the channel matrix is linear with respect to optical 

intensity, which means that the signal processing in MGDM is also independent of 
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signal format. At the moment, the 2x2 and 3x3 optical MIMO systems based on 

MGDM have both been reported [89, 91, 92], and a 2x2 MIMO system with a data 

rate of 10.7Gb/s over a 300m GI-MMF has been demonstrated [93]. The MGDM can 

be used in either a step index MMF with angular offset launching or a graded index 

MMF with radial offset launching, and both methods have good performance histories 

[94]. A better MGDM performance can be achieved in conjugation with space time 

block code rather than employing MGDM alone [95].   

 

1.2.6.4   Coherent optical MIMO 

Coherent optical fibre communication is a good choice for future communication 

systems, and the receiving sensitivity is improved by 20 dB compared with incoherent 

optical fibre communication[96]. In addition to the above merit, coherent optical fibre 

communication provides higher frequency selectivity, which means that more 

channels and more users can be accommodated [64]. In addition, the key advantage of 

coherent detection is that it provides full information about the received signal (i.e. 

not only the amplitude, but also the phase information), improving the detection 

process.  

 

In dispersive multiplexing, the RF subcarrier modulation and detection requires a long 

length MMF and a larger subcarrier frequency to retain modal coupling diversity, so 

this significantly restrains its usage. Additionally, due to its incoherent nature in 

conventional IM-DD optical MIMO systems the phase modulated transmissions are 

not supported. Fortunately, these problems can be solved by using a coherent optical 

MIMO with a larger optical carrier frequency (an order of hundreds of THz) 

compared to RF subcarriers. The large value of carrier frequency in coherent optical 
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MIMO systems ensures that the phase term of the transmission matrix (H) entirely 

spans over (0, 2 ) , even for short fibre lengths. This particular phase characteristic 

gives rise to a random complex Gaussian variable of each element in the channel 

matrix H, which is one of the conditions for maximum capacity in MIMO systems 

[97]. In a coherent optical MIMO system, the offline digital signal processing needs 

to be applied, this will significantly improve the system performance in the electrical 

domain. A schematic of the typical coherent MIMO system is shown in Figure 1.2.  
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Figure 1.2: The coherent optical MIMO system 

Figure 1.2 displays the basic operation of a coherent optical MIMO system. The laser 

source is split into two parts, and the two signals are modulated by external 

modulators. The signals from the two external modulators are combined together into 

the MMF. At the receiver part, these received signals are separated by a splitter, and 

each of the signals is combined with the two quadrature carriers from the local 

oscillator to produce a total of four outputs. Afterwards, the four output signals are 

detected by two balanced receivers that create both in-phase and quadrature baseband 

components. Finally, the received signals are separated via offline signal processing. 

Coherent optical MIMO  systems have a variety of research directions, such as C and 

L band WDM coherent optical MIMO transmission over 10km GI-MMF under 
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selective mode excitation conditions [98], coherent MMF MIMO transmission with 

spatial constellation modulation [99], and quantifying the coherent MIMO equalizer 

complexity in terms of matrix size with respect to radius of fibre bends [100]. Recent 

research has established a complete analytical model for coherent optical MIMO 

systems over MMF with ring launching and receiving [101]. Nevertheless, the most 

promising research area in coherent optical MIMO systems is mode division 

multiplexing. Although coherent optical MIMO systems have many advantages, their 

complicated components such as external modulators, narrow linewidth local 

oscillators, complicated equalizers, and even balanced receivers impose more 

complexity on implementation. Meanwhile, it comes at the expense of complexity due 

to the optical coherent demodulation.  

 

1.2.6.5   Few mode fibre (FMF) 

Few mode fibre combines the advantages of SMF and MMF. The core diameter of 

FMF is approximately 12µm, resulting in a low splicing loss and more immunity to 

nonlinear effects. FMFs can avoid the larger modal dispersion and mode coupling of 

conventional MMFs and also provide a stable channel for MIMO systems. The 

chromatic dispersion, polarization dispersion, modal dispersion, and differential 

modal attenuation are the impairments during data transmission. Currently, the FMF 

communication technique can be grouped into two types: the FMF in the single-mode 

operation model that utilizes only the fundamental mode of FMF by means of a larger 

effective area, which helps to reduce the nonlinear effect; and the multi-mode 

operation model, in which mode division multiplexing can be employed to improve 

the system capacity. As the FMF is designed for long haul communications, the target 

of fabricating FMF is to own low group delay and mode loss.  



18 

 

1.2.6.6   Mode division multiplexing (MDM) 

Using orthogonal modes in MMF to carry information is the key idea in mode 

division multiplexing (MDM) systems. A large number of linearly independent guided 

modes ensures the maximum capacity in the optical MIMO system from an 

information theoretical viewpoint. MDM is based on the excitation of individual 

modes with orthogonal near field intensity patterns. In recent years, researchers have 

focused on MDM in FMFs, which transmits only a few spatial modes. Compared to 

MMFs, they are sufficiently resistant to mode coupling with less nonlinearity, but they 

still have a large core diameter compared to SMF [102]. These advantages make 

MDM more attractive in long haul systems. Using FMFs that are optimized for 

reducing the mode coupling rather than increasing it may hinder the excitation 

techniques. Moreover, the challenge in MDM is the selective mode excitation. Since 

computer generated holograms have long been used in MMFs [38], some methods 

have been proposed  to convert the fundamental mode from SMF into the higher order 

modes of FMF, which include a free space optics based glass phase plate [103, 104], 

spatial light modulator [105, 106], and long period grating [107]. All of the above 

implementations can be utilized to realise the mode multiplexing and de-multiplexing 

of MDM systems.  

 

A scheme that combines polarization multiplexing, spatial mode multiplexing, and 

coherent MIMO processing all together has been recently reported [28, 104, 107, 108]. 

The results demonstrated a robust and substantial improvement in bandwidth; for 

instance, a total of 240Gb/s MDM over 96km of FMF using coherent 6x6 MIMO 

processing was demonstrated experimentally [108]. Furthermore, transmission at 

2x100Gb/s over a two-mode fibre of 40km with the aid of MDM coherent MIMO 
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processing was also achieved [28]. Although these recent contributions have shown 

that it is feasible to increase the transmission capacity in FMFs, the mode conversion 

at both the transmitter and receiver ends and the complicated off-line coherent MIMO 

signal processing brings more complexity into the system implementation. 

Nevertheless, the complexity may be eased by employing a single spatial light 

modulator for multi-excitation at the FMF input [106], but the extra optic components 

and active devices are still the main barriers to the realisation of a practical MDM 

system. 

 

1.3   Objective of the research 

High speed digital connections have grown very quickly in our local area networks 

(i.e. high demand on cloud computing or video streaming) since the internet has been 

developed, so there is a need to increase or upgrade our transmission capacity in the 

existing fibre infrastructure, especially in short distance multimode fibre networks. In 

order to avoid a capacity crunch in our data transmission networks, the optical MIMO 

becomes a most promising candidate for improving the bandwidth as it exploits the 

spatial dimension provided by MMF to increase the transmission distance and 

bandwidth. Not only that, but it also provides a good trade-off between the power 

budget and the bandwidth distance product, making it more suitable for the future 

40Gb/s, 100Gb/s, and even higher data rate networks. Current optical MIMO 

techniques are mainly applied in multi-core MMFs, standard MMFs, FMFs, and ring 

fibre by using the orbital angular momentum modes. According to the multiplexing 

scheme, the optical MIMO technique includes mode group diversity multiplexing and 

mode division multiplexing. Both schemes need complicated designs in multiplexing 

at the transmitter and de-multiplexing at the receiver. These designs will inevitably 
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increase the cost and difficulty of implementation in practice; for example, the 

MGDM has to use several SMF detectors and some fibre couplers; the MDM needs to 

use spatial mode multiplexers, de-multiplexers, and mode converters. Because of the 

existing complications in both multiplexing schemes, the need for a simple and cost- 

effective optical MIMO design in which both systems can be used seems to be very 

important.  

 

The aim of this research is to design and investigate a simple and cost-effective 

optical MIMO system in multimode fibres for future high speed networks and 

demonstrate the feasibility of this method. The proposed optical MIMO system can be 

realised with selective excitation and spatial selective detection rather than the use of 

complicated free space optic components (i.e. lens, beam splitter/coupler, and SLM). 

The new proposed annular multi-segment detectors show a significant improvement 

in optical MIMO performance. Previous studies on MGDM only focused on 

experimental works; less attention has been paid to the optimization of the proposed 

systems. Apart from offering a new approach to MGDM, this work introduces an 

optimization method. The main contribution is the optimization of the offset 

launching and design of the annular detector in optical MIMO MMF systems by using 

the condition number of the channel matrix. 

 

Furthermore, this specific optical MIMO design is exploited not only in short distance 

MMF links, but also in long haul FMF links. In our work, an optical DPSK coherent 

MIMO is selected to overcome the limitations of the bandwidth distance product in 

conventional IM-DD optical MIMO MMF systems. The main advantages of 

employing a coherent optical DPSK signal are a higher tolerance of phase noise, 
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which is notable in coherent MIMO systems, higher receiver sensitivity, and the full 

ability to compensate all linear impairments. This proposed optical DPSK MIMO 

system can not only be applied to the heterodyne coherent system, but also to the 

intradyne coherent system with phase diversity receiver. Both systems show good 

performances. 

 

To the best of my knowledge, this is the first simulation of an optical DPSK coherent 

MIMO system in conjunction with FMF using the selective launching scheme and 

annular multi-segment detectors. Owning to the absence of mode converters, this 

proposed scheme can largely reduce the design complexity of a coherent optical 

MIMO system in FMF and make this system more practicable.  

 

In addition, the simulation results are used to analyse and estimate the improvement in 

system performance in comparison to conventional MIMO detectors (i.e. multiple 

SMF detectors) in both incoherent and coherent optical MIMO systems. Moreover, 

the results demonstrate the feasibility and potential of using this easy and cost-

effective scheme in future optical MIMO systems. 
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1.4   Structure of thesis  

This thesis contains seven main chapters that provide a theoretical basis and 

simulation models for research on an optical MIMO system in multimode fibres. 

From here onwards, each chapter is briefly outlined.  

 

Chapter 2: Chapter 1 looked briefly at the evolution of optical fibre transmission 

technologies and the introduction of a new concept, optical MIMO. Each technique 

has its own advantages and limitations in practical systems; however, the application 

of MIMO in any type of transmission system is regarded as the addition of a new 

dimension of information mapping, thereby increasing the capacity. This chapter is 

dedicated to the basis of MMF in optical fibre transmission systems, and we review 

the modal field expression within MMF transmission systems. The mode group delay, 

mode power coupling coefficient, and the overall MMF frequency response or 

transfer function have been derived and simulated.  

 

Chapter 3:  This chapter presents the near field intensity pattern at the output facet of 

MMF. The required mathematical formulations are derived to understand the 

theoretical results. Different impairments during the MMF transmissions are 

discussed, for example, the modal dispersion, differential mode attenuation, and intra-

group mode mixing. The factors that affect the near field pattern are also analysed. In 

addition, the schematic results show the near field intensity pattern when there is 

intra-group mode mixing and no intra-group mode mixing. Analysing the near field 

intensity pattern can lead an efficient way to design the multiple receivers in an 

optical MIMO system.  
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Chapter 4: In this chapter, a model for an optical MIMO system in MMF is developed 

mathematically. The chapter comprises a comprehensive theoretical MIMO model 

and a numerical discussion of this system. Meanwhile, the optical MIMO channel 

matrix H and the MIMO capacity are both derived. A simple off-line MIMO signal 

processing (zero forcing method) is introduced in this chapter. Following this, a 

detailed analysis of the geometry of the optical MIMO transceiver is provided in 

Section 4.5, encompassing the optimization of transmitters and receivers and the 

proposed annular multi-segment detectors. This is followed by simulations of the 

channel matrix condition number and crosstalk in the MIMO system. Lastly, we prove 

that the annular detectors can achieve a better performance than conventional multiple 

SMF detectors and can also minimise the receiver crosstalk effect.  

 

Chapter 5: This chapter contains one of the core works of our research. It shows the 

design and development of a radial offset launch IM-DD optical MIMO system by 

utilizing both conventional SMF detectors and annular detectors. The detailed 

transmitter design specification is studied by optimizing the launched narrow 

Gaussian beam spot size and the radial offset launch value. Our method of designing 

an efficient annular detector is introduced to improve the MIMO system performance, 

and the advantages of this method are presented. The simulated BER, MIMO capacity, 

and average received optical power analysis are all presented to characterise the 

system performance. Finally, the intra-group mode mixing effects in both the 2x2 and 

the 3x3 MIMO systems are investigated with various fibre lengths and signal data 

rates.  
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Chapter 6:  The optical MIMO model created in Chapter 5 can be extended in the few 

mode fibre (two mode FMF) coherent detection MIMO system. Two coherent optical 

DPSK MIMO systems are modelled: the optical heterodyne DPSK MIMO system and 

the optical intradyne DPSK MIMO system. Firstly, the mathematical descriptions of 

these two optical MIMO systems are presented. Next, the schematic diagrams of these 

two coherent optical MIMO systems are discussed along with a brief outline of their 

components. Meanwhile, some commentary regarding the limitations and challenges 

faced by the coherent MIMO systems is included. A numerical analysis with versatile 

simulation results follows the comprehensive theoretical introduction. The results 

include the estimated BER and OSNR analysis, transmission distance limitation, and 

all other factors that can affect the performance in IM-DD optical MIMO systems (i.e. 

modal dispersion, attenuation, intra-group mode mixing and chromatic dispersion). 

Lastly, optical MIMO systems with different configurations are compared. 

 

Chapter 7: This chapter presents the conclusion of the thesis along with potential 

directions for future research.  
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Chapter 2: Basics of Multimode Fibre Systems  

 
To fully understand MMF communication systems, one must first study the basics of 

MMFs and review the theory behind MMF transmissions, particularly the frequency 

response or transfer function of the MMF. Modal time delay and power coupling 

coefficient are calculated for each mode. The channel impulse response is presented.  

 

2.1   Multimode fibre (MMF) 

In the past thirty years, optical fibre has played an important role in both 

telecommunications and data communication, not only because of its high bandwidth 

and low attenuation, but also due to its high reliability. Optical fibre is actually a 

cylindrical dielectric waveguide that contains a larger cladding radius and a smaller 

core radius. The core has a higher refractive index than the cladding region refractive 

index so the light in the optical fibre suffers total internal reflection. According to the 

different refractive index profiles and the total support modes, the optical fibre can be 

divided into two groups: single mode fibre and multimode fibre with either step index 

profile or graded index profile. As their names suggest, single mode fibre has only one 

mode, whereas multimode fibre has more than one mode. The mode is a solution to 

the electromagnetic wave equation, and each mode has two orthogonal polarizations. 

The standard multimode fibre has a core radius of either 25µm or 31.25µm, which is 

larger than the single mode fibre (typically 4.5µm or less). There are two common 

types of multimode fibre, namely step index multimode fibre (MMF) and graded 

index MMF. Step index MMF has a uniform refractive index in the core and 

undergoes step changes at the cladding region boundary [96]. When the refractive 

index decreases gradually as a function of radial distance from the fibre centre and 
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finally drops to the same value as the cladding, it is called graded index fibre. Figure 

2.1 schematically represents the graded index MMF geometry.  

 

Figure 2.1   Graded index MMF geometry  

A power law expression can be used to describe the refractive index of MMF, which 

is given as:  
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where Δ is the profile height parameter, r is the radial distance apart from the fibre 

centre, 1n  and 2n  are the maximum core refractive index and cladding refractive 

index, respectively, a is the core radius of MMF, and   is the index profile, which 

determines the shape of the refractive index profile. Because of the large diameter of 

the core in MMF along with the numerical aperture, many light waves will propagate 

along the core region, leading to significant intermodal dispersion. Consequently, 
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larger pulse spreading induced by the intermodal dispersion limits to the bandwidth in 

MMF means that multimode fibre only carries a third or less of the information 

capacity of a single mode fibre [64]. The most practical MMF used is graded index 

MMF, which has an approximately perfect parabolic index profile ( 2  ). In graded 

index multimode fibre (GI-MMF) each mode travels at a different speed. The higher 

order mode travels faster over a long distance and the lower order mode travels slower 

over a short distance, this allows all of the light rays to arrive at approximately the 

same time, thus reducing modal dispersion. Figure 2.2 shows the refractive index 

profiles of single mode fibre (SMF) and multimode fibre (MMF). 
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Figure 2.2 Optical fibre index profiles and fibre cross-sections 

For weakly guiding fibres 1 2n n  therefore, the profile height parameter is simplified 

to 1 2

1

n n

n


   and the refractive index in the core region changes to [109]: 

                             2 2

1( ) (1 2 )coren R n R     and   
r

R
a

                                   (2.2) 

The MMF can be made of silica, polymer, or a combination of the two materials 
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together. In this thesis, an ideal parabolic index profile silica based graded index 

MMF is used. The total number of modes “M”  in a graded index ( 2  ) MMF is 

determined as: [110]    
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where V is normalized frequency, 2 2

core cladNA n n  is the numerical aperture which 

determines how much light can be launched into the core region, and a  is the core 

radius. Table 2.1 gives the typical values of the NA for different MMFs [3].  

MMF type Numerical aperture 

62.5/125 µm 0.275 

50/125  µm 0.200 

Table 2.1  The typical numerical aperture values of the MMFs 

Nowadays, many efforts are focused on improving the bandwidth of multimode fibres 

such as the recently developed OM4 fibre, which is a laser-optimized, high bandwidth 

50µm multimode fibre. It enables the cost-effective VCSELs to operate at 850nm for 

1Gb/s and 10Gb/s applications and even in future 40Gb/s and 100Gb/s systems. 

Meanwhile, its effective bandwidth can reach 4700 MHz.km, which is almost more 

than double that of the standard IEEE 10Gb/s requirement [111]. Table 2.2 outlines 

several commonly used MMFs and their associated bandwidths in the communication 

market.  

Fibre Name EMB 

(MHz.km) 

at 850nm 

OFL (MHz.km) 

at 850nm 

OFL (MHz.km) 

at 1300nm 

OM1 (62.5µm) N/A 200 500 

            OM2 (50 µm) N/A 500 500 

            OM3  

(laser optimized 50 µm) 

2000 1500 500 

            OM4  

(laser optimized 50 µm) 

4700 3500 500 

Table 2.2 The ISO/IEC 11801OM designations and bandwidths [111]; EMB 

represents the effective modal bandwidth, OFL represents the overfilled launching, 

and OM stands for optical multimode fibre.  
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2.2   Properties of modes in multimode fibre 

Optical fibre is a dielectric waveguide that operates in the optical frequency region, 

and the propagation lights along the waveguide can be described in terms of a set of 

guided electromagnetic waves called modes of the waveguide [96]. Under the weakly 

guiding approximation, the combining of appropriate EH, HE, TE, and TM modes can 

generate linear polarized modes denoted as ,l nLP modes, where “ l ” is the azimuthal 

mode number and refers to the angular variation, and “n” is the radial mode number 

and refers to the radial variation. Mode analysis is very important when considering 

the many applications of MMF links. In general, these modes can be separated into 

two groups: discrete guided modes, which are trapped in the core region; and infinite 

continued radiation modes, which are refracted out of the core region [64] so that they 

cause optical power attenuation. Only a certain number of guided modes are able to 

propagate along the fibre core region if they satisfy the homogeneous wave equation 

and boundary condition. Each guided mode can be treated as a pattern of electric and 

magnetic field distributions [64, 96, 110]. As long as the propagation constant β is 

within the following condition: 

                                                        2 1n k n k  ,                                            (2.4) 

The predominant mode is guided mode or bound mode; conversely, if 2n k  , the 

leaky mode occurs. 2n k   is a cut off condition, where 1 2,n n  are the refractive 

index in the core and cladding region, respectively, and 2
k




 is the free space 

propagation constant.  

 

The total number of guided modes for an infinite parabolic index profile MMF is 

given in Equation 2.3. The vector field of each mode is the solution of Maxwell’s 
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vector wave equation  [112]. The derivation of Maxwell’s equation is only available 

for a few known refractive index profiles, and even small changes in the refractive 

index will cause more difficulty in deriving an analytical solution [112]. Weakly 

guiding is a fundamental approximation which states that the refractive index 

difference between the core and cladding regions is very small, or equivalently, 

1 2n n . This approximation can simplify the original vector wave equation to a scalar 

wave equation, thus reducing the derivation. Apart from the weakly guiding 

assumption, some other assumptions are employed in the ideal graded index 

multimode fibre (GI-MMF), including the assumptions of fibre circular symmetry, 

longitudinal invariance, and Cartesian EM filed representation.  

 

2.2.1    Modal field expression of multimode fibre 

Here, we assume that the field expansion is formed only in the forward propagation 

direction, and symmetric backward propagation is neglected. The total EM field is 

represented by the sum of the guided mode and radiated mode fields:   

                              ( , , ) ( , , ) ( , , )bound radiatedE x y z E x y z E x y z         (2.5) 

Due to translational invariance, the modal field for each individual mode can be 

expressed in the separable form:   

         , , ,( , , ) ( , )exp( )l n l n l nE x y z E x y j z                          (2.6) 

Sometimes cylindrical polar coordinates may be used to express the modal field 

instead of Cartesian coordinates: , , ,( , , ) ( , )exp( )l n l n l nE r z E r j z         (2.7) 

Each LP mode contains transverse and longitudinal components, which are denoted 

by subscripts t and z:          , , ,
ˆ( , ) ( , ) ( , )l n t ln z lnE r E r E r z                    (2.8) 

Both electric and magnetic fields have the modal indices l  and n, which are 
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represented as the sum of transversal and longitudinal components. ẑ represents the 

unit vector in the direction of the fibre axis. The transverse modal field can be given 

as: 

    , , , , ,
ˆ ˆ( , ) ( , ) ( , )t ln x l n y l nE r e r x e r y             or 

             , , , , ,
ˆ ˆ( , ) ( , ) ( , )t ln x l n y l nE x y e x y x e x y y                (2.9) 

where , ,x l ne  and , ,y l ne are the solutions of Maxwell’s scalar wave equation, x̂  and ŷ  

are unit vectors parallel to the x and y-axes, respectively, both of which are 

perpendicular to the fibre axis shown in Figure 2.3.  
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Figure 2.3   Fibre core symmetric cross section 

When the modal amplitude ,l na  and ,l n  scalar propagation constant are assigned to 

each LP mode, the total bound modes electric field is:  

             , , ,

,

( , , ) ( , )exp( )bound l n l n l n

l n

E r z a E r j z             (2.10) 

Suppose the fibre has a uniform medium of core refractive index, and the modal fields 

are the fields of transverse electromagnetic or TEM wave propagating in the z-

direction parallel to the fibre axis. The longitudinal components are set to zero, and 

the transverse electric and magnetic field of weakly guiding waveguides have the 
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following relationship:            
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              (2.11) 

where 0 and 0  are the permittivity and permeability values in free space, 

respectively, and 1n is the refractive index in the fibre core region.  

 

2.2.2    Analytical solution of the modal field in graded index fibre 

The derivation of the modal field , ( , )l nE r   and propagation constant can be found by 

solving the scalar Maxwell’s wave equation, [112] 
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            (2.12) 

where   indicates either the radial dependence electrical value , ,x l ne in the x-axis or 

, ,y l ne in the y-axis for a given mode with exact azimuthal and radial mode numbers, 

and r is the radial distance from the fibre core centre. Using the method of separation 

of variables the solution has two separable forms [112]:  

( )cos ( )sin 0,1,2.....l n l nF r l and F r l where l          (2.13) 

Here, ( )l nF r satisfies the ordinary differential equation as shown below: [112] 
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For an infinite parabolic profile of 2 2 2( ) (1 2 R )con R n    with 
r

R


 , r is the radius 

of the MMF core, and  is the radial position from the MMF core centre.  

For weakly guiding fibres:                         co cl
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                                                       
1

22 (2 1)U V n l                                   (2.17) 

(n=radial mode number, l=azimuthal mode number)       

 Normalized frequency is given by:    
1

2(2 )coV k n                                    (2.18) 

Substitution of eq. (2.15-2.18) into Eq.2.14, the scalar wave equation becomes:  
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where both U and V are function of  .  

Finally, the differential equation can be solved numerically to obtain the radial 

dependence of the electric field, ( )l nF R , which is given by:  

                       2 21
( ) ( )exp( )

2

l l

l n nF R R L VR VR                           (2.20) 

where R is the normalized radius, V is the normalized frequency,  is the core radius 

and ( )l

nL x is the Laguerre polynomial in terms of radial and azimuthal mode number, 

given by:                   
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Therefore, the modal field includes angle dependence and becomes: [20] 

                   
2 2

,

cos( )1
( , ) ( )exp( )

sin( )2

l l

l n n

l
R R L VR VR

l


 



 
   

 
                  (2.22) 

The modal field is normalized for further analysis, and assuming that the modal field 

has the angle term cos( )l . Therefore, the normalized electric field can be written as:  

  
2 21

, ( )exp( )cos( )
2

l l

n n n nN thus NR L VR VR l           (2.23) 

Factor N is the normalized factor; in order to determine the normalized factor, the 

integral of the electric field intensity over the core area must be unit:  
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Substituting Equation (2.23) into Equation (2.24) gives: 

            
2 2 1 2 2 2 2[ ( )] exp( )cos ( ) 1l l
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The angular part of Equation (2.25) can be solved separately, thus,   

2

2

0

2 , 0
cos ( )

, 0

for l
l

for l











 
  

 
                             (2.26) 

Rewriting:       
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where ol is a Kronecker delta function.  

Substituting Equation (2.27) back into Equation (2.25) yields:  
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If 
2 , 2x VR dx VRdR  , and Equation (2.28) becomes:  

                  
2

2

1

0

(1 )
[ ( )] exp( ) 1

2

l lol
nl

N
x L x x dx

V

 





                              (2.29) 

By using the orthogonal relation of Laguerre polynomials [113]，  

0

(1 )
exp( ) ( ) ( )

!

l l l mn
m n

l n
x x L x L x dx

n




  
  ,  and 

1,

0,
mn

for m n

for m n


 
  

 
   (2.30) 

Substituting Equation (2.30) into Equation (2.29)  gives:  

2

1

(1 ) (1 )
1

2 !

ol

l

N l n

V n

 


   
  ,       

12 !

( 1) (1 )

l

ol

V n
N

n l 




   

                     (2.31) 

The final normalized electric field in GI-MMF is given by:  

1
2 2

,

2 ! 1
( , ) ( )exp( )cos( )

( 1) (1 ) 2

l
l l

l n n

ol

V n
R R L VR VR l

n l
  

 



  
   

     (2.32) 

or  
1

2 2

,

2 ! 1
( , ) ( )exp( )sin( )

( 1) (1 ) 2

l
l l

l n n

ol

V n
R R L VR VR l

n l
  

 



  
   

   (2.33) 
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(“ ” indicates the gamma function)  

The Matlab simulation of the ,l nLP modal field intensity of weakly guiding GI-MMF 

(62.5/125 µm) with an infinite parabolic refractive index ( 2  ), 1 21.45, 1.44n n  , 

and V=39.27 is illustrated in Figure 2.4. The simulation assumes that the transverse 

electric field only contains the ( )cosl nF r l  part. 

                                      Electrical Field Intensity for l=0, n=1 

 
(a) 

Electrical Field Intensity for l=1, n=1 

 
(b) 

Electrical Field Intensity for l=1, n=2 

 
(c) 
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Electrical Field Intensity for l=2, n=1 

 

(d) 

Electrical Field Intensity for l=3, n=3 

 

(e) 

Electrical Field Intensity for l=4, n=2 

 

   (f) 
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Electrical Field Intensity for l=5, n=1 

 

(g) 

Electrical Field Intensity for l=5, n=3 

 

(h) 

Figure 2.4 Normalized transverse electric field intensity distribution for typical ,l nLP

modes of a graded-index MMF under the weakly guiding approximation  

 

Although the modal field expression can be derived, it does not give any polarization 

information or the vector field direction. The vector field direction can only be 

determined from the fibre symmetry and fibre polarization properties. Because the 

two degenerate solutions ( ( )cos , ( )sinl n l n l n l nF r l F r l     ) for the LP mode at 

the single scalar propagation constant   so that any pair of orthogonal x and y axes 

can be chosen as the optical axes in the fibre cross section [18]. There are a total of 

four possible polarization directions for the transverse field ,l ne  depending on the 
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combination of the two degenerate solutions of the scalar wave equation. The 

complete transverse mode intensity pattern for 11LP and its two solutions of the scalar 

wave equation are plotted in Figure 2.5, where 11aLP and 11bLP represent 

11 ( )cosa l nF r l  and 11 ( )sin ,b l nF r l  respectively. The total 11LP  electric field 

is composed of the two solutions of the scalar wave equation.  

 

Figure 2.5 Mode intensity pattern for 1 21.45, 1.44n n  , and 850nm   for: (a) 11aLP   

(b) 11bLP  and  (c) overall of 11LP  

 

The linearly polarized LP mode can be degenerated back to the traditional modes TE, 

TM, EH, HE [96, 112], as shown in Table 2.3. The TE mode has no electric field in 

the propagation direction, and there is only a magnetic field along the direction of 

propagation. Similarly, the TM mode has no magnetic field in the propagation 

direction, and there is only an electrical field along the propagation direction. The 
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hybrid mode contains non-zero electric and magnetic field components in the 

direction of propagation, and when the magnetic field is more dominant than the 

electric field, it is called the HE mode. In contrast, the EH mode is formed once the 

electric field component is more dominant than the magnetic field component. 

 0mLP  is from the 1mHE mode. 

 1mLP  comes from the 0 , 0 2,m m mTE TM HE  modes. 

 ( 2)lmLP l  is degenerated to both 1, 1,l m l mHE and EH   modes. 

Degenerate mode number, i Mode e lm 

Fundamental HE11 and HE1m (l = 0) modes 

1 Even HElm 
lmx F



 

3 Odd HElm 
lmy F



 

Higher-order modes (l  0) 

1 Even HEl+1, m  x


cos l  y


sin l Flm 

2 TM0m (l=1)  x


cos l + y


sin l Flm 

2 Even EHl-1, m (l1)  x


cos l + y


sin l Flm 

3 Odd HEl+1, m  x


sin l + y


cos l Flm 

4 TE0m (l=1)  x


sin l  y


cos l Flm 

4 Odd EHl-1, m (l1)  x


sin l  y


cos l Flm 

Table 2.3: Modal fields of weakly guiding circular fibre. This table is reproduced from 

page 304 of reference [18]; here, the radial mode number m is equal to n+1 in 

Equations 2.32 and 2.33. 

 

The subscript i  in Table 2.3 denotes the degenerate mode numbers. There are two 

degenerate modes (i=1, 2) for fundamental modes with l =0; for higher order modes 

( 0l  ), there are four different degenerate modes with subscript i=1, 2, 3, 4. In this 

thesis, Equations (2.32) and (2.33) are mainly used for generating modal electrical 
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fields. Because the Laguerre polynomial is an orthogonal function on the interval [0,

 ], [113], the different LP modal electric fields are also orthogonal, which gives:  

                      
2

1 2

0 0R

RdRd





 


 

                      (2.34) 

1 1 2 2

1 2

2

2 2 2 2

1 1 2 2

0 0

1 1
[ ( )exp( )cos( )][ ( )exp( )cos( )]

2 2

l l l l

n n

R

N R L VR VR l N R L VR VR l RdRd





  


 

  

 

Rearranging  yields:  

1 1 2 2

1 2

2

2 2 2 2

1 2 1 2

0 0

1 1
cos( ).cos( ) [ ( )exp( ) ( )exp( )]

2 2

l l l l

n n

R

l l d N R L VR VR N R L VR VR RdR





  


 

   
    

    
 

 

As     

2

1 2 1 2

0

cos( )cos( ) 0,l l d for l l due to orthogonality condition





  


    (2.35) 

2

1 2 1 2

0 0

0,
R

RdRd for l l





 


 

                               (2.36) 

Modes satisfying Equation 2.36 are called orthonormal modes.  

 

2.2.3    Propagation constant of bound modes in graded index fibre 

Assume that the fibre is an ideal waveguide that is non-absorbing, has a dielectric 

structure, is uniform along its length, and possesses cylindrical symmetry. For a 

weakly guiding MMF, the modal propagation constant is approximately [64, 114]:  

       

1/2

2 /( 2)1( )
( , ) 2 1 2 ( )[ ]

( )

n m
m

M

 
   

 

 
   

 
     (2.37) 

where m is the principal mode group number, and ( )M   is the total number of mode 

groups in the MMF, is given by:  

                                     
1/21( ) ( )

( ) 2 [ ]
2

n
M

  
 

 





           (2.38) 
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where   is the wavelength of the excitation light,   is the core radius, and   is the 

refractive index profile number. The principal group number m is defined as

2 1m n l   , in which the parameters n  and l  refer to the radial and azimuthal 

mode numbers, respectively, and  is the profile height parameter given in Equation 

2.1. The guided modes within the same principal mode group will have the same 

propagation constant.    

 

Alternatively, the propagation constant may also be written in terms of the azimuthal 

and radial mode numbers:  

                          

1/2

2 /( 2)1( ) 2 1
( , ) 2 1 2 ( )[ ]

( )

n n l
l n

M

 
  

 

  
   

 
        (2.39) 

For an infinite parabolic refractive index profile ( 2  ) the propagation constant is 

given by:                 

                                   

1/2

2 /( 2)

0

2 1
( , ) 1 2 ( )[ ]

( )

n l
l n

M

   


  
   

 
                  (2.40) 

                                         1
0

( )
2

(2 )

n V
 

 
 


                                                 (2.41) 

where 0  is the scalar propagation constant for the fundamental mode. Substituting 

Equations 2.41 and 2.38 into Equation 2.40, the propagation constant can be defined 

as:        

1

24
1 (2 1) , 0,1,2....; 0,1,2.......

(2 )

V
n l l n

V




 
        

           (2.42) 

As the waveguide structure introduces a polarization effect, the exact propagation 

constant for the thi degenerate mode of l nLP  mode is given by:  

                                    , ,l n l n i                                            (2.43) 

where i  is the propagation constant correction factor.  
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The correction factor for an infinite parabolic index profile is defined as: 

                    
3 3

2 2
1 3 2 4

1 1
(2 ) , (2 )

2 2

l l

V V
   

 

 
                   (2.44) 

 

 

2.2.4    Modal power 

The portion of source power exciting each mode depends on the nature of the source. 

For a non-absorbing fibre with no power coupling loss, the energy flux density of an 

electromagnetic field is given by the Poynting vector [112]: 

                                          
*1

Re( )
2

S E H             (
2W m )             (2.45) 

Referring to the field expression in Equation 2.10 of the ,l nLP mode, the Poynting 

vector in the direction of fibre axis gives:  

                            
*

,( , ) ,( , ) ,( , )

1
( , ) Re[ ( , ) ( , )]

2
z l n t l n t l nS R E R H R z        (2.46) 

where * denotes the complex conjugate.  

 

The power flow of each mode parallel to the fibre axis can be calculated by 

integrating the Poynting vector over the infinite cross section area A:  

                                             , ,( , ) ( , )l n z l n

A

P S R dA                               (2.47) 

Replacing  dA  with 
2RdRd  yields: 

                                        
2

, ,( , )[ ( , )]l n z l n

R

P R S R dRd


                   (2.48) 
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2.3   Multimode fibre impulse response and transfer function 

 
Multimode fibre impulse response and transfer function are very important for 

characterising the performance of optical fibre communication links. Both the 

nonlinear properties and chromatic dispersion in a single mode fibre would in 

principle be present even for each individual mode in MMFs [3]. However, in MMF, 

the modal dispersion is dominant over other limitation factors, and the MMF transfer 

function is mostly affected by the mode power coupling coefficient and modal time 

delay. These factors will have greater effects on the degradation of the system 

performance. The larger core diameter of MMF and the transmission of low-energy 

pulses from low power light sources (e.g. VCSELs) will lead to the neglect of 

nonlinear effects in short distance MMF communication systems.   

 

2.3.1    Mode power coupling coefficient 

In the IEEE 802.3ae 10Gb/s standard Ethernet a low cost vertical cavity surface 

emitting laser (VCSEL) has been selected as the transmitter. The output of VCSEL is 

assumed to be a Gaussian beam with a specific spot size launch to the fibre core 

region. The incident electric field has a unit value within the spot; otherwise, the field 

becomes zero, and the normalized incident beam is given below (the derivation of the 

normalized incident electric field expression is showed in Appendix –a): 

 

 
2

2

1
ˆexp x,

2

s
in

R
E





 
    

  
 is the spot core ratio, s is the spot size,     (2.49)        

                                and           
1, 0

0,

s

in

s

R
E

R





 
 

  
                                          (2.50) 
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In general, the power from the incident beam cannot be totally transmitted to MMF 

due to the refraction occurring at the interface between the fibre and the surrounding 

medium. The amount of power received is determined by the Fresnel power 

transmission coefficient T, which is defined as [112]: 

                                                  
2

4

( )

i co

i co

n n
T

n n



                                              (2.51) 

where in  is the refractive index of surrounding medium. For the sake of simplicity, 

the transverse fields are assumed to be equal to the incident fields ( ,in t in tE E H H  ). 

The geometric launching on the MMF cross section is illustrated in Figure 2.6.  

Y-axis

X-axis

Incident 
beam spot 

size

Core region

Cladding region

r

Φ
 

Core radius 
“ρ ” 

“a”= Radial 
offset Launching 

postion

a

 

Figure 2.6 The geometric launching cross section on MMF; the yellow spot is the 

launching spot, “  ” is the core radius, and “a” is the distance between the spot centre 

and fibre centre. 
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Conventionally, the power coupled into the ,l nLP  is given by the power coupling 

coefficient: 

                   

2

*

,

, 22

,

( , ) ( , )

( , ) ( , )

in l n

Acore

l n

in l n

Acore Acore

E x y x y dxdy

E x y dxdy x y dxdy













 
                    (2.52)   

Letting dxdy RdRd  gives: 

                 

2

*

,

, 22

,

( ) ( , )

( ) ( , )

in l n

Acore

l n

in l n

Acore Acore

E R R RdRd

E R RdRd R RdRd

  


   








 
                 (2.53) 

where ,l n  is the LP mode transverse electric field, inE  is the Gaussian incident 

electric field, coreA is the fibre core cross-section area, and R is the normalized radius

r
R


 , where r is the distance from the fibre centre axis, and  is the radius of the 

core.  

The normalized power coupling coefficient launched by a Gaussian beam in both 

centre launching and radial offset launching conditions are given in reference [115]:  

2

2
2 2( 1)2 1 2 2

, 4 2 2 2 2 2
20

4

( )
8 ( 1) 1 1 1

exp 1
1( 1) ( 1) 1

n l nl l
l

l n nl

l

A
V

A V n A
V V L

l n V
V




  



 
                        

                  
    

                                                                                                                              (2.54) 

where 
a

A


  is the normalized radial offset value,    is the gamma function, s


 

denotes the normalized spot size or radius of the incident light beam, ol is the 

Kronecker delta function (Eq. 2.27), and ( )l

nL x represents the Laguerre polynomial in 

terms of the radial and azimuthal mode number ( ,n l ) shown in Equation 2.21.  
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Figure 2.7 The centre launching normalized power coupling coefficient in GI-MMF; 

spot size =3.677µm,  λ=850nm,  V=39.27,  0l  , and 1 21.45, 1.44n n  . 

 

The power coupling by centre launching with a different radial mode number is 

depicted in Figure 2.7. It is clearly observed that the lowest order mode 0,1LP gains a 

large amount of power from the light source, and there is no power in the higher order 

modes. Equation 2.55 reflects the power conservation,  

                                                           ,

0, 0

1l n

n l




 

                                                     (2.55) 

The thq mode group power coupling coefficient is the sum of each mode belonging to 

the corresponding mode group, this gives:  

                                                        ,

,

q

q l n

l n

                                                (2.56) 

where q is the principal mode group number with a value of q=2n+l+1.  
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2.3.2    Modal time delay 

Recalling Equations 2.1, 2.17 and 2.42, the propagation constant for the infinite 

parabolic index profile 2   graded index MMF is given by the following equation:  

                                      

1
2 22

1co co
q

n NAn cq

c






 
  

 
                                   (2.57) 

As the group velocity is the reciprocal of the first-order derivative of the propagation 

constant with respect to angular frequency, the group velocity is expressed as: 

                         g

q

d
v

d




                     2 2

co clNA n n                                 (2.58) 

Differentiating Equation 2.57, we have (Appendix-a): 

                                    

2

22

q co co

co

d n NAn cq

d c NAn cq

 

  

 
 
  

                              (2.59) 

Substituting Equation 2.59 back into 2.58, the modal time delay after a distance L is 

given by: 

                                     

2

22

co co
g

g co

Ln a NAn cqL

v c a a NAn cq




 

 
  
  

                       (2.60) 

Alternatively, it may be written in terms of the radial mode number and azimuthal 

mode number ( , )l n : 

                              
 

 

2

,
2

2 1

2 2 1

coco
l n

co

a NAn c n lLn

c a a NAn c n l




 

   
 
    

                    (2.61)             

Due to imperfections in the fibre manufacturing process, the perfect index profile 

2  is difficult to achieve, and the index profile parameter varies between 1.8 to 2.2 

[116]. The general expression for modal time delay in any index profile ( ) GI-MMF 

may be derived as [117]: (the detailed derivation is presented in Appendix-b and 

Appendix-c)        
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                                             q

g

L

v
   

                                                  =   

2 22
2 2

2
1

2
2

2 2
1 ........

2

2 2 2
1

2

co

co

co

Ln NA qc

c n NA

NA qc

n NA



 







  

 

  

 

 

 
                     

                   

 

or,                                                       

                                             

2 22
2 2

,

2
1

2
2

2 2
1 ........

2

2 2(2 1) 2
1

2

co
l n

co

co

Ln NA qc

c n NA

NA n l c

n NA



 








  

 

  

 

 

 
                      

                     

 

                                                                                                                      (2.62)     

          

2.3.3    Multimode fibre transfer function 

Assuming linear propagation conditions, incoherent nature and no mode interaction, 

the modal impulse response is described by superposing all supported modal 

contributions. In addition, both the effects of the modulated light source spectral 

width and input pulse spectral content are neglected [118-120]. The impulse response 

expression can then be written as: 

                                          , ,

,

( ) ( )l n l n

l n

h t t  


                                     (2.63) 

where ,l n  and ,l n  are the power coupling coefficient and time delay that are defined 

in Equations 2.54 and 2.61, respectively. The symbol  denotes the delta function.  

 

The impulse response is analysed by plotting the power coupling coefficient versus 
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the modal time delay for different LP modes through a 1km long MMF. The results 

obtained are presented in Figure 2.8 with a range of radial offset values. The 850nm 

VCSEL is utilized as the optical light source.  

 
(a) 

 
(b) 

 
(c) 



50 

 

 
(d) 

 
(e) 

 
(f) 

Figure 2.8 Impulse response for various radial mode numbers (n) and azimuthal mode 

numbers ( l ) of a parabolic index profile ( 2  ) GI-MMF with 1 21.45, 1.44n n  ,

850nm   under different offsets:  (a) 0 m  offset; (b) 10 m  offset; (c) 15 m  offset; 

(d) 20 m  offset;  (e) 25 m  offset; and  (f) 30 m  offset.  
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In Figure 2.8, each curve corresponds to a single radial mode number n, and each 

point on the curves represents an azimuthal mode number l . The time delay for the 

maximum coupling coefficient gradually increases with increasing radial offset due to 

the fact that the maximum coupling coefficient moves to the higher order modes if the 

radial offset becomes larger. The modal dispersion is proportional to the delay spread, 

indicating a time difference between the lower order and higher order modes. More 

excited modes correspond to more serious modal dispersion. The principle behind this 

phenomenon is that the power coupling coefficient starts to shift to the higher order 

modes.  

 

Under the linear propagating regime and neglecting the chromatic dispersion 

contribution for the moment, the ( )H   transfer function of GI-MMF describes a 

relationship between the input impulse and the output frequency response of the 

optical fibre. This parameter is very useful to estimate the 3dB bandwidth. If the input 

signal is defined as a unit impulse, the MMF impulse response in Equation 2.63 can 

be easily transformed to frequency response via Fourier Transform, as shown in 

Equation 2.64 [3]： 

                      , ,

, 0

( ) exp( )l n l n

l n

H i  




                        (2.64) 

                = , ,

, 0

exp( 2 )l n l n

l n

i f f optical carrier frequency  




      

A parabolic index profile 2   GI-MMF frequency response has been simulated 

using the parameters listed in Table 2.4, and the results are shown in Figure 2.9.  
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1n  2n  V  /core 

radius 

s /spot 

size 

 /wavelength L /fibre 

length 

1.45 1.44 39.27 31.25 

m  

3.677 

m  

850nm 1km, 

3km 

Table 2.4 The MMF transfer function or frequency response simulation parameters; 

1n , 2n are the refractive index at the centre of the core and cladding region, 

respectively, and V is the normalized frequency. 

 

 

(a)                                                              (b) 

 

(c)                                                              (d) 

Figure 2.9 Transfer function of GI-MMF for various offset launches and fibre lengths: 

(a) offset=0 m , L=1000m (b) offset=0 m , L=3000m (c) offset=15 m , L=1000m 

(d) offset=15 m , L=3000m.  

 

Figure 2.9 reveals some extremely important behaviour the frequency response of GI-

MMF does not monotonically decrease as the frequency increases. As the 
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transmission distance increases the modal dispersion gets progressively larger and 

results in a frequency response with greater oscillation. Similarly, the extent of the 

offset launch also influences frequency response.  

 

(a)                                                              (b) 

Figure 2.10 Low frequency range transfer function of GI-MMF for various fibre 

lengths with offset=15 m : (a) L=1000m and (b) L=3000m.  

 

In the range between 50GHz and 120GHz in Figure 2.10, the frequency response 

decreases sharply and its shape becomes similar to Gaussian shape. Beyond the 3dB 

bandwidth point the frequency response starts to oscillate at higher frequency, but it 

gradually becomes relatively flat. This high frequency region can be efficiently 

employed in a subcarrier multiplexing, leading to a high data rate transmission system. 

Another feature is that the amplitude of frequency response ( )H   shows a Rayleigh 

distribution within the high frequency region; this property is similar to the wireless 

MIMO channel [97, 121]. The explicit implication of this is that GI-MMF may 

provide huge potential for high data rate transmissions, such as optical MIMO. 

Meanwhile, it also indicates that in the low frequency range, the frequency response is 

dominated by the lower order modes, which have larger time delays, while in the high 

frequency region, its frequency response is dominated by the higher order modes 
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associated with smaller time delays.  

 

In addition to the modal time delay, the intrinsic chromatic dispersion due to the 

dispersion relationship between the modal propagation constant and optical light 

source spectrum may also affect the frequency response of the MMFs [3, 114, 120], 

especially in long transmission systems. In the absence of nonlinearity and mode 

mixing, the total impulse response of a multimode fibre should be described as a 

superposition of each guided mode that suffers both intermodal dispersion and 

chromatic dispersion; thus, the total frequency response will be defined as a product 

of the chromatic frequency response and the conventional MMFs frequency response 

[64, 96, 110]:  

                             , ,

, 0

( ) exp( 2 ) ( )l n l n CD

l n

H f i f H f  




                                      (2.65) 

where ( )CDH f  is the chromatic frequency response. 

 

2.4   Conclusion 

The fundamental properties of multimode fibres have been reviewed, and the 

mathematical expression for a weakly guiding MMF modal electric field has been 

presented and simulated. The intensity pattern of different ,l nLP modes has been 

simulated using the Matlab program. The full details of the channel impulse response 

and transfer function of weakly guiding GI-MMF have also been discussed, including 

the modal time delay and power coupling coefficient. It can be concluded that the 

frequency responses of MMFs can be affected by the offset launch conditions, 

transmission distance and the number of guided modes. The frequency response 

comprises the power coupling coefficient and modal time delay, both of which can be 

affected by guided modes that are excited by offset launching. 
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Chapter 3: Near Field Pattern of Multimode Fibre  
 
In the previous chapter, the complete channel impulse response and transmission 

features of the GI-MMF were introduced. For a deeper understanding of such 

transmission features in MMF, the characteristics of modes propagating along the 

MMF must be clarified. This chapter will analyse the near field intensity pattern at the 

output of a lossless GI-MMF that is excited by the radial offset via SMF, a step-index 

single mode fibre with a laser spot size of 3.677 m . The light source operates at a 

wavelength of 1310nm and is pigtailed to SMF. In the absence of modal noise, the 

simulated results are found to be in good agreement with the reported results of Ref. 

[122]. A further simulation of the near field pattern with minor changes in fibre length, 

core diameter and refractive index demonstrates the robustness of the simulation 

results. According to the spatial properties of the intensity pattern the specific optical 

power at the output facet can be calculated by simply integrating the near field 

intensity with respect to the corresponding detector area.  

 

 

3.1   Multimode fibre transmission impairments 

The impact of transmission impairments are mainly attributed to dispersion, mode 

mixing, and differential mode attenuation. Dispersion results in pulse broadening as 

they propagate along the fibre, with each pulse broadening and overlapping with its 

neighbours. This leads to an indistinguishable detection, causing inter-symbol 

interference (ISI) [64]. Consequently, this ISI distorts the signal waveform and affects 

the bit error rate. The mode mixing or so-called mode coupling tends to average out 

the propagation delays associated with the mode, thereby reducing the intermodal 
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dispersion [55, 123-125]. Mode attenuation may be considered as a power loss factor, 

and in MMFs, each guided mode experiences different attenuations. Due to the large 

core radius of MMFs, the power density across the core area is not very large so that 

nonlinear effects are not considered.  

 

3.1.1   Chromatic dispersion 

As the group velocity is frequency dependent, thus different spectrum components of 

the transmitted pulse travel at different speeds. This phenomenon is called group 

velocity dispersion or chromatic dispersion. This effect may be caused by either the 

dispersive properties in the fibre material (material dispersion) or the guiding effect in 

the fibre structure (waveguide dispersion) [64]. In MMFs, waveguide dispersion is 

generally negligible compared with material dispersion. Mathematically, the 

propagation constant along the fibre can be expanded in a Taylor series about the 

centre optical frequency 0 :  

                                     22
0 1 0 0( ) ( )

2


                                          (3.1) 
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


 
  
 

                                              (3.2) 

where 0 is the optical carrier frequency, 0 is the propagation constant at the carrier 

frequency, 1

1

gv
  is related to the group velocity, 2 is the group velocity dispersion 

parameter, and n is the thn order derivative of the propagation constant. 

 

Chromatic dispersion affects the frequency response of each excited mode in MMFs 

and alters the transmitted pulse shape. A parameter D is used to measure the degree of 
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chromatic dispersion, which is defined as:    

                                                  2

2

21

g

cd
D

d v

 

 

 
    

 

              (ps/km/nm)     (3.3) 

where 2  is in units of 
2 /ps km  and determines the degree of pulse broadening along 

the MMFs. The chromatic dispersion in optimized 50 m  MMFs is typically around 

100ps/nm/km at a wavelength of 850nm [126].  

 

The chromatic dispersion in an MMF can be characterised by its transfer function:  

                                             2 2

2( ) exp 2CDH f i f L                           (3.4) 

Substituting Equation 3.3 into 3.4 yields  

                                        
2 2

( ) expCD

D f L
H f i

c

  
  

 
                            (3.5) 

In most cases the chromatic dispersion is small compared with the intermodal 

dispersion in a practical short distance MMF system, but it must be accounted for in 

long distance, high speed systems. It has been shown that modal and chromatic 

dispersion can interact and compensate for each other [126, 127], giving rise to 

chromatic dispersion compensated MMFs that will largely reduce the limitations of 

chromatic dispersion in future 40/100GbE systems.  

 

3.1.2    Modal dispersion 

Modal dispersion is a major dispersion that needs to be considered in MMFs, and is a 

results of each guided mode having a different propagation constant value at a single 

frequency [55]. The large mode time delay spread between the fastest mode and 

slowest mode leads to ISI, increasing the difficulty in detecting the correct signal 

while also limiting the transmission distance. This impairment becomes more serious 
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as we increase the bit rate and transmission distance. Fortunately, it can be eliminated 

by using graded index multimode fibre (GI-MMF), which is why GI-MMF is widely 

employed in current MMF networks. Meanwhile, due to manufacturing imperfections, 

variations in the refractive index profiles may also affect intermodal dispersion. The 

time delay for the LP modes through a fibre length L is given in Equations 2.61 and 

2.62. Although the inherent modal dispersion distorts the transmitted signal, it may be 

exploited rather than avoided for improving the bandwidth in MMF; and this idea is 

the principle behind dispersive multiplexing in MMFs [82].  

 

3.1.3    Polarization mode dispersion 

In an ideal circularly symmetric fibre there are two orthogonally polarized modes that 

have the same transmission speed along the fibre. In fact, due to random 

imperfections during the fibre manufacturing process, fibre core asymmetries or 

mechanical stress induced material birefringence in MMFs cause the two 

polarizations to travel at different speeds, resulting in pulse broadening. Since the 

imperfections and asymmetries exist randomly, the polarization mode dispersion 

effect has a random nature. A mean polarization dependent time differential  can be  

used to measure the polarization mode dispersion, which is proportional to the square 

root of the transmission distance L [64]. It is denoted as:  

                                                PDMD L                                                        (3.6)                                                     

where PDMD is the average polarization mode dispersion parameter in units of 

/ps km . Even though its random nature may make the analysis more complicated, 

polarization mode dispersion can be compensated either optically or electrically by 

various equalizers. Under the weakly guiding approximation, polarization effects are 
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limited because of the waveguide structure. Indeed, their impact is considerably less 

compared to the impact of modal dispersion [3, 128, 129]. For a 10Gb/s system, the 

required polarization mode delay is less than 10ps, and currently produced fibres can 

achieve a PMD < 0.5 /ps km  or 0.3 /ps km  [130]. Here, we assumed that the 

impulse response of the unperturbed ideal multimode fibre with cylindrical symmetry 

is independent of the orientation of the linear input polarization. For simplicity, we 

also assumed a launching with a linear polarization with a direction that coincides 

with the excited fibre modal filed direction and that the two polarization states had the 

same speed; thus, the polarization mode dispersion in an ideal MMF is negligible in 

this thesis [3].  

 

3.1.4    Mode mixing 

In practical systems, the pulse distortion will increase less rapidly after a certain fibre 

distance as the mode mixing will average out the time delays associated with the 

modes, thus reducing the intermodal dispersion [55, 123, 125]. The mode mixing is 

caused by structural imperfections such as fibre core diameter fluctuations, refractive 

index variations, and microbends [131]. However, the recent new fibre fabrication 

technique compensates the core and refractive index imperfections so that the external 

causes become the main dominant source in silica glass fibre mode mixing, for 

example the microbends of fibre itself [114, 124, 131, 132]. Under the mode mixing 

phenomenon the guided mode power will couple into the neighbouring modes as long 

as those modes have an identical propagation constant. Furthermore, the guided mode 

power will be transferred to the unguided modes that produce extra losses [123]. In 

principle, the mode mixing can be divided into two categories: intra-group mode 

mixing and inter-group mode mixing. Intra-group mode mixing, as its name suggests 
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occurs within the same mode group and it appears more easily and quickly than inter-

group mode mixing. In modern silica-based GI-MMFs, the spatial modes within the 

same group are fully coupled after a distance on the order of 300m [36, 133]. In 

contrast, the spatial modes in different groups are only partially coupled after a 

distance of 100km [108, 134, 135]. For the analysis, only intra-group mode mixing 

with a transmission distance of less than 10km has been considered [94, 132].  

 

3.1.5   Differential mode attenuation   

Mode dependent attenuation arises from intrinsic material losses and waveguide 

properties along with material imperfection and waveguide irregularities [136]. The 

intrinsic material losses originate from conventional loss mechanisms such as 

Rayleigh scattering produced by fluctuation in refractive index [114, 137], UV 

absorption [136], and reflection losses at the boundary between the core and cladding 

in fibres [114]. Differential mode attenuation is defined as the attenuation variation 

among the guided modes. The different modes in silica fibres will experience 

attenuation in a slightly different manner, which is given by: 

                                 
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


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

 
       

  

                             (3.7) 

where Q is the total mode group number,  0   is the attenuation of the lowest order 

mode, m is the principal mode group number, 9I is the 9
th

-order modified Bessel 

function of the first kind, and   is the index profile number [114, 138-141]. From 

Equation 3.7, it is known that attenuation is the same for all modes within the same 

mode group m. The total wavelength dependent attenuation coefficient  can be 

written into the total power term, which is the sum of the individual received powers 
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from all excited modes [120]: 
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e
     



                                                   (3.8) 

When intra-group mode mixing is taken into account the expression of mode-

dependent attenuation for each individual mode is given by ,exp( )u vL , where L is 

the transmission distance.  

 

3.2   Near field pattern without intra-group mode mixing 

Assuming the electric field of the optical pulse is linearly polarized in the x-direction 

and under the incoherent property of modes, the modal electric field propagates 

through a GI-MMF with a distance z is given by: 

                                  ,

, ,

,

( , , ) l nj z

x l n l n

l n

E r z C e


 


                             (3.9) 

When z=0,  x inE E , where inE  is the incident electric field: 

                                              , ,

,

in l n l n

l n

E C                                                (3.10) 

Multiplying ,l n to both sides of Equation 3.10 and integrating the product over the 

entire area of the fibre core gives:            

                     2

, , ,( , ) ( , ) ( , )in l n l n l nE r r rdrd C r rdrd                           (3.11) 

Letting 
r

R


 , where R is the normalized radius and   is the core radius, Equation 

3.11 may be rewritten as:   

        2 2 2

, , ,( , ) ( , ) ( , )in l n l n l nE R R RdRd C R RdRd                   (3.12) 

Using the property of a normalized modal electrical field:      2

, ( , )l n R RdRd   =1,    
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Thus,                  
, ,( , ) ( , )l n in l nC E R R RdRd                                           (3.13) 

where C is the modal amplitude, which can be written in terms of the coupling 

coefficient ,l n . 

                                          , ,l n l nC                                            (3.14)                           

The total electric field that arrives at the output facet is the sum of all possible guided 

modes in the GI-MMF and it is given by: 

                     , ,

, , , ,
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The magnetic field under the weakly guiding approximation may be expressed as: 
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Finally, the intensity at the output facet of GI-MMF is written as:  
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where the parameter z denotes the propagation length, and ˆ ˆ ˆ, ,x y z are the unit vectors 

parallel to the x-axis, y-axis, and fibre axis, respectively. Figure 3.1 corresponds to the 

results of the near field pattern with various fibre lengths and using different launch 

conditions. The simulated 62.5 /125 m GI-MMF supports a total of 12 mode groups 

and is excited with a light source operating at a wavelength of 1310nm. Assuming that 

the continuous wave laser is used to excite different modes, and the input Gaussian 

beam with a specific spot size ( 3.677 m ) is launched into the fibre’s core. The energy 

of each excited mode can be obtained from a power coupling coefficient and, each 

mode will gain a specific propagation constant. Therefore, the electrical field of 
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guided modes arriving at the MMF output can be calculated. Under the weakly 

guiding approximation, the magnetic field can be obtained from Equation 3.16. 

Consequently, the intensity of each mode is given by Equation 3.17, whereas the total 

near field intensity pattern is merely the sum of all intensities generated by these 

guided modes once they are incoherent.  

                  0offset m                        13offset m                          26offset m  

 

Figure 3.1 Simulation of NFP at the output of GI-MMF under selective excitation 

with radial offsets of 0 ,13 , 26m m m   , index profile 2  , and 1310nm  : (a-c) 

NFP of a 50m long GI-MMF, (d-f) NFP of a 500m long GI-MMF, (g-i) NFP of a 1km 

long GI-MMF. 
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Figure 3.1 shows that the propagation distance does not affect the overall near field 

intensity pattern (overall disk shape), even for a 1km long GI-MMF. The NFP remains 

confined within a disk shaped area whose radius is determined by the SMF radial 

offset; however, with a sufficiently long fibre length, the speckle contrast will finally 

decrease [142, 143]. It should be noted that the result shown in Figure 3.2 is slightly 

different to that reported in Ref. [122], because only the polarized ( , cosl nF l ) 

transverse electric field for ,l nLP modes were used instead of two  -dependence 

solutions. In Figure 3.2, the simulated NFP with refractive index profile defects 

demonstrates that the speckle pattern has a distinct dependency on the refractive index 

profile, but it still has no significant impact on the overall outer shape of the NFP. For 

a zero radial offset, the speckle pattern spans when increasing the index profile value; 

this tendency may be caused by the specific shape of the refractive index profile, 

which has a significant effect on the distribution of the guided optical power. 

Although the index profile has no critical effect on the overall shape of the GI-MMF 

NFP up to a length of 1km, it may strongly affect the GI-MMF bandwidth  [114]. 
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0offset m                         13offset m                       26offset m  

 

Figure 3.2  Simulation NFP for a GI-MMF with L=1km and different refractive index 

defects (e.g. 1.9   or 2.1  ) and a perfect parabolic index profile 2  assuming 

no intra-group mode mixing with 1310nm  : (a-c) NFP of GI-MMF with 1.9  , 

(d-f) NFP of GI-MMF with 2  , (g-i) NFP of GI-MMF with 2.1  . 
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3.3   Near field pattern with intra-group mode mixing 

Under intra-group mode mixing the total power launched in a specific thm principal 

mode group will redistribute evenly among all modes within the group. The modulus 

of the amplitude 
,

m

l n
C  of all modes in the thm  group becomes [122]:  
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                                       (3.18)                                             

where mN  is the total mode number in the thm  group, and the phase of 
,

( )
m

l n

zC  is 

assumed to be random with a uniform distribution over 0 and 2 . 

 

In the absence of mode mixing, the modal amplitude C(z) is: 

                                            , , , ,( ) (0) exp( ) exp( )l n l n l n l nC z C j z z                     (3.19)       

In practical work, this attenuation effect is very limited and can be approximated to a 

perturbation in the lossless case [112].  

 

Therefore, the total near field intensity pattern of the LP mode is defined as:  
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                                                                                                                             (3.21)     

 

On the right hand of Equation 3.21, the first term is the intensity distribution on each 

mode, and the second term describes the variation in intensity distribution due to 



67 

 

modal field interference. The total intensity pattern of all the mode groups is given by: 

                                                      
1

Q

total m

m

S S


                                                  (3.22) 

In the case of intra-group mode mixing the optical path L×n fluctuates over a scale of 

many wavelengths so that the phase term z   is assumed to be a random variable 

that is uniformly distributed over 0 and 2  and therefore gives rise to the random 

nature of the phase. The intensity pattern only changes with this phase term in the 

modal field equation. Owning to the random phase, the NFP image becomes blurry, 

while the overall outer shape remains unchanged. The speckle contrast simultaneously 

becomes weaker. The results are presented in Figure 3.3. To simulate the mode mixing 

effect, a random phase has been generated in Matlab and added to the modal 

amplitude.  
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0offset m                        13offset m                      26offset m  

 

Figure 3.3 Simulation of NFP at the output of a 50m, 500m, 1km long GI-MMF,       

assuming intra-group mode mixing and differential mode attenuation are both 

considered, and the index profile is 2  , 1310nm  . (a-c) NFP of 50m long GI-

MMF, (d-f) NFP of 500m long GI-MMF, (g-i) NFP of 1000m long GI-MMF. 

 

A similar NFP simulation with an index profile imperfection is also presented in 

Figure 3.4. It yields the same result as previously obtained; i.e. that the profile 

imperfection has little contribution on the overall shape of the NFP, with the exception 

of the random phase.  
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               0offset m                     13offset m                     26offset m  

 

Figure 3.4 Simulation of NFP in a 1km long GI-MMF with different refractive index 

defects (i.e. 1.9   or 2.1  ) and a perfect index profile of 2   assuming that 

the intra-group mode mixing and differential mode attenuation are both considered 

with 1310nm  . (a-c) NFP of GI-MMF with 1.9  , (d-f) NFP of GI-MMF with 

2  , (g-i) NFP of GI-MMF with 2.1  .  

 

Once the near field intensity pattern is obtained, the power can be easily calculated as:  

                         
2

*

0 0

1
Re

2
x y

A r

Power SdA E H rdrd








 

      ,                                 (3.23) 
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As the sum of power coupling coefficient is given by:        ,

,

1l n

l n

   

Simplifying, 
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        
           (3.25) 

Equation 3.24 denotes the received optical power enclosed in a detector area A.   

 

The differential mode attenuation is treated as an extra phase term within the modal 

amplitude equation. Figures 3.5-3.6 show the effect of differential mode attenuation 

on NFP; and the results indicate that the overall NFP shape is independent of 

differential mode attenuation. The NFP remains restricted within a circular shape.  

 
                                  (a)                                                                 (b) 

 

 
                                 (c)                                                                  (d)  
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                                (e)                                                                            (f) 

 

Figure 3.5 Simulation of NFP with intra-group mode mixing in a 500m long MMF 

using both centre and offset launching conditions for 2  and 1310nm  : (a) 0µm 

offset launch NFP without mode attenuation, (b) 0µm offset launch NFP with mode 

attenuation, (c) 13µm offset launch NFP without mode attenuation, (d) 13µm offset 

launch NFP with mode attenuation, (e) 26µm offset launch NFP without mode 

attenuation, (f) 26µm offset launch NFP with mode attenuation. 

 

     
                             (a)                                                                   (b) 

 

 
                            (c)                                                                   (d)  
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                             (e)                                                                (f)    

 

Figure 3.6 Simulation of NFP with intra-group mode mixing in a 1km long MMF 

using both centre and offset launching conditions for 2  and 1310nm  : (a) 0µm 

offset launch NFP without mode attenuation, (b) 0µm offset launch NFP with mode 

attenuation, (c) 13µm offset launch NFP without mode attenuation, (d) 13µm offset 

launch NFP with mode attenuation, (e) 26µm offset launch NFP without mode 

attenuation, (f) 26µm offset launch NFP with mode attenuation. 

 

Although Equation 3.7 indicates that the higher order modes will be more attenuated 

than the lower order modes, it is difficult to observe this effect due to the random 

modal amplitude phase. Indeed, the radius of the disk shaped NFP seems only to 

change with radial offset launch. If we keep increasing the value of attenuation, the 

result shown in Figure 3.7 is in good agreement with the analytical result shown in 

Equation 3.7, which states that the higher order mode group located at the outer 

region of the core will suffer more attenuation than the lower mode group.  
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(a)                                                               (b) 

Figure 3.7 Near field pattern with intra-group mode mixing when offset=26µm, 

attenuation=3dB/km, L=1km, and 1310 :nm  (a) NFP without differential mode 

attenuation,   (b) NFP with differential mode attenuation. 

 

In the above simulations we have not considered modal noise. However, a change in 

fibre length or other minor parameters such as core diameter and refractive index may 

result in NFP fluctuations. In order to demonstrate these effects, we assume that the 

refractive index will change by 
310
when the temperature reaches100 C , the core 

diameter extends to 63 m , and the fibre length increases by 1%. The simulated NFPs 

are shown in Figure 3.8 and Figure 3.9. 

                      0offset m                                              26offset m  

 

                                 (a)                                                              (b) 
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                                 (c)                                                              (d) 

 

                                  (e)                                                              (f) 

 

                              (g)                                                               (h) 

Figure 3.8  NFPs without intra-group mode mixing in a 1km long 62.5 /125 m GI-

MMF under selective excitation with radial offsets of 0 m  and 26 m , 2  , 

850 ,nm   1 1.45n  , 2 1.44n  , and spot size= 3.677 m : (a-b) NFP without any 

changes, (c-d) NFP with a core diameter of 63 m , (e-f) NFP with a 
310
variation in 

refractive index, (g-h) NFP with a 1% increase in fibre length.  

 

There is no distinct difference among the results in both offset launches, which 
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indicates that minor changes in parameters do not affect the overall shape of the NFP. 

In other words, the simulation is reasonably resistant to small fluctuations caused by 

intentional or unintentional perturbation. This resistance is maintained in the NFP 

even when we consider full intra-group mode mixing, as can be seen in Figure 3.9.  

                      0offset m                                              26offset m  

 
                                   (a)                                                              (b)  

 
                                   (c)                                                               (d) 

 
                                  (e)                                                               (f) 
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                                  (g)                                                               (h) 

Figure 3.9 NFPs with intra-group mode mixing in a 1km long 62.5 /125 m GI-MMF 

under selective excitation with radial offsets of 0 m , 26 m , 2  , 850 ,nm   

1 1.45n  , 2 1.44n  , and spot size=3.677 m : (a-b) NFP without any changes, (c-d) 

NFP with a core diameter of 63 m , (e-f) NFP with a 
310
variation in refractive index, 

(g-h) NFP with a 1% increase in fibre length.  

 

The results in Figure 3.9 indicate that the overall NFP clearly depends on the input 

radial offset, but not on small parameter fluctuations. The intensity distribution is 

directly affected by the random phase.  

 

3.4   Conclusion 

This chapter demonstrated the near field intensity patterns with several transmission 

impairments such as mode mixing, mode attenuation, and refractive index 

imperfection under different GI-MMF lengths. The results allow us to conclude that 

small deviations in the refractive index profile, differential mode delay, and 

differential mode attenuation have limited effects on the overall shape of the near field 

pattern up to 1km, and its radius is only determined by the radial offset at the input 

facet of the GI-MMF. However, differential mode attenuation seemed to have a 

greater impact on higher order mode groups. The results suggest that minor changes 

in MMF parameters will not severely affect the NFP.  
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Chapter 4: Optical MIMO Model in a Multimode 

Fibre System 

 
The development of an optical MIMO MMF system model is presented in this chapter. 

The mathematical expressions of such a model are derived, which include the channel 

matrix H and MIMO capacity. Thereafter, the use of the simple zero forcing criterion 

in offline optical MIMO signal processing is briefly introduced. Lastly, the condition 

number and crosstalk of channel matrix H are selected to evaluate different MIMO 

system configurations, for instance, different types of receivers and the number of 

transceivers. 

 

4.1   General optical MIMO model 
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. .

. .
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Figure 4.1 General optical MIMO model 

Figure 4.1 shows the general optical MIMO model which contains the transmitter, 

MMF channel, receiver, and off-line MIMO signal processing. MIMO signal 

processing consists of three steps: channel estimation, channel separation, and data 

demodulation. Sometimes, the MIMO system can be regarded as a multiple single 

input and single output (SISO) system; thus, it is a good idea to initially start with the 

SISO system model. Assuming that both the fibre nonlinear effects and chromatic 

dispersion are neglected, the FIR model can be used to describe the MMF channel. 
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The input-output relationship for a SISO over an MMF is given by [84]: 

                ( )

1

( ) ( ) ( )c pk

Q
j t

k gk

K

y t h e x t v t
 






            (4.1) 

where x(t) is the baseband transmitted signal, which is modulated with the optical 

carrier frequency c , Q is the total number of guided modes in the MMF, kh is a 

complex number that represents the gain of the thk guide mode, gk and pk are the 

group delay and phase delay of the thk guided mode, respectively, and ( )v t is the 

additive white Gaussian noise.   

 

In the M N optical MIMO system, M refers to the total number of transmitters, while 

N is the total number of receivers, and the MIMO outputs can be written as [84]:  

                                 
( )

, ,

1 1

( ) ( ) ( )c pk

QM
j t

i i j k j gk i

j k

y t h e x t v t
 




 

              (4.2) 

where ( )iy t represents the received signal by the thi receiver, and , ,i j kh is the channel 

gain from the thj transmitter to the thi receiver through the thk guided mode [84]. If the 

signals in Equation 4.2 are sampled with a sampling rate of1/ sT  and all modes arrive 

at approximately the same time compared to the symbol period, then Equation 4.2 can 

be further simplified to [84]:  

                                   ( ) ( ) ( )y n Hx n v n                            (4.3) 

where n is the total number of samples. 

                                    
,

,

1

k

Q
ji j

i j k

k

H h e




                             (4.4)  

As long as the number of modes is sufficiently large, the elements of H will have a 

complex Gaussian distribution with a Rayleigh distribution for amplitude and a 

uniform distribution for phase [84]. The parameter k is the delay of the thk mode. In 



79 

 

addition, the optical MIMO model can be represented in matrix form as: 

                                                    Y HX V                                                 (4.5) 
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where x(n) is the M x1 transmitted vector signals, y(n) is the N x1 received vector 

signals, M and N are the number of transmitters and receivers, respectively, and H is 

an N x M channel matrix that corresponds to the channel gain between the thj

transmitter and the thi receiver. V is the Nx1 complex Gaussian noise vector in which 

each element is independent identically distributed. Contrary to a flat fading channel, 

a frequency selective fading channel imposes frequency dependence on each element 

in the channel matrix; hence, H must be modified as: 
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4.2   Optical MIMO channel matrix H 
 

Each element of the channel matrix in an optical MIMO system not only exhibits the 

MMF modal time delay, but also the power coupling at the transmitter and power 

detected at the receiver. Equation 4.9 refers to the power coupling coefficient for the 

thk  mode emitted from the thj transmitter or laser, and the detection coefficient of the

thi receiver on the thk  mode may be defined as the ratio of the detected power to the 

power over the entire core region shown in Equation 4.10:  
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In the optical MIMO MMF system, we can assume that signals from different 

transmitters are incoherent while also exhibiting direct intensity superposition at the 

receiver end. If we further assume that all modes are orthogonal, the channel impulse 

response can be written as:  

                     , ( , ) ( )j i

i j k k k

k

h t L s d t L                     (4.11) 

where k is the modal delay for the k th mode, and L is the transmission distance.  

The channel frequency response is given by Equation 4.12: 

 , ( ,L) expj i

i j k k k

k

H s d j L                  (4.12) 

The transmission matrix element ,i jh  can be equivalent to a real value if k is the same 

for all guided modes; thus, the parameter ,i j

kh  only describes the proportion of power 
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from the thj transmitter to the thi detector, which is given by the product of the power 

coupling coefficient and the detection coefficient as:  

, .i j j i

k k kh s d                                  (4.13) 

In a linear MGDM system, Equation 4.13 can be utilized to characterise the optical 

MIMO MMF system performance.  

 

Combining Equations 4.9, 4.10, 4.13 and 4.2, the total received signal at the thi  

receiver after transmission distance L is:      
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where F is the Fourier transform, and 1F   is the inverse of Fourier transform.  

As mentioned above, the power coupling coefficient and incident electrical filed are 

both normalized. Assuming the linear superposition of power distribution across the 

entire core area, thus, the near field light flux intensity can be exploited instead of

j i
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Substituting 4.15 into 4.12, now it becomes:  
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The near field intensity pattern ( , , )I r L along the fibre length L is given in Equation 

3.22. In Equations 4.12 and 4.16 the temporal properties of channel H due to 

temperature changes and mechanical vibrations have not been considered. Lastly, 

another assumption has been made that , ( )i jH t varies more slowly than the 

transmitted signal x( ).t  

 

4.3   Optical MIMO capacity 
 

In a MIMO channel the maximum information rate will depend on whether the 

channel state information is known or unknown at the transmitter. If the channel state 

information is unknown at the transmitter, an equal power allocation among the 

transmitters is preferable; otherwise, the optimal water-pouring power allocation 

scheme is used for the case when a transmitter has knowledge about the CSI [144]. 

Because the fibre channel varies at a relatively slow speed compared to the signal 

transmission rate, a feedback carrying CSI from the receiver back to the transmitter is 

adopted. The system capacity depends on the temporal and spatial static properties of 

the channel matrix elements H. The channel is regarded as constant over a relatively 

long period [145]. When CSI is known at the receiver, the capacity of the MIMO 

system is given by [144]:   

              2log det
average

m

T

SNR
C B I Q

N

   
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   
            (4.18) 

where min( , )r tm N N , B is the channel bandwidth, TN  is the number of transmitters, 

mI is an r rN N identity matrix, and the matrix Q is expressed as:                                                 
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Here, HH is the complex conjugate matrix of H, and det (.) denotes the determinant of 

a matrix. SNR is the average signal to noise ratio. Nt and Nr are the numbers of 

transmitters and receivers, respectively. Because the signals in an IM-DD system are 

unipolar, the analyses of the channel capacity of bipolar systems cannot be applied; 

thus, the classical Shannon capacity formula cannot be directly used in an IM-DD 

system. In the linear optical channel regime and under the one dimensional Gaussian 

channel approximation, the IM-DD channel capacity is approximately half of the 

Shannon limit [146].  

 

As the channel capacity relies on SNR, the channel matrix needs to be normalized in 

order to maintain the same SNR for different launching conditions and channel 

scenarios. This is expressed as: 
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Applying the eigenvalue decomposition method to the matrix Q, 𝑄 = 𝐻𝐻𝐻 = 𝐸Λ𝐸𝐻, 

where Λ is a diagonal matrix with the eigenvalues on the main diagonal, and E is the 

eigenvector matrix with orthonormal columns [147]. Therefore, the number of sub-

channels can be determined by the rank of the matrix H, which is defined as:                                   

                                                  
 ,( ) min T Rrank H r N N 

 

As the determinant of a unitary matrix is 1, thus the Equation 4.18 may be rewritten as: 
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where r is the rank of the channel matrix and  𝜆𝑖 is the positive eigenvalue of the 
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diagonal matrix Λ [147]. The above expression implies that the MIMO channel 

capacity can be regarded as the sum of SISO channels assigned by the power gain of  

𝜆𝑖 (i=1, 2,…….r)  [148].  

 

4.4     Optical MIMO signal processing  
 

When each photodiode captures a mixture of signals in a MIMO system they will be 

passed through the MIMO signal processing in the digital domain, which takes place 

in three major stages: channel estimation, channel separation, and signal 

demodulation. Digital signal processing and efficient algorithms in wireless MIMO 

can be implemented in optical MIMO to recover the symbols after the optoelectronic 

conversion.  

 

The channel estimation can be classified into two categories depending on whether 

the training sequence is used. Using the training sequence is a sophisticated channel 

estimation method. The principle of this method is to send a receiver known sequence 

to the transmitter; the estimated channel information can then be obtained through a 

variety of algorithms by simply comparing the received sequence with the known 

transmitted sequence. Maximum likelihood (ML), least squares (LS), and minimum 

mean square error (MMSE) are the three dominant algorithms. If a sequence with a 

length of L in either the time domain or frequency domain is described as

 1 2 3, , .........
T

LX x x x x ,  1 2 3, , .........
T

LY y y y y is the received sequence after 

the channel, and  1 2 3, , .........
T

LN n n n n is the Gaussian noise vector.  
T

indicates 

the transpose of a vector. Therefore, the received signal is given as: 

                                                          Y HX N                                              (4.22) 
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The idea of the LS estimation method is to find out:   ˆ
LSH YX                     (4.23) 

 where X  is the pseudoinverse matrix of X. If the vector of X is full rank, 

 
1

H HX X XX


  ,  
H

is the conjugate transpose, and ˆ
LSH is the LS estimated 

matrix. As the estimation of the channel matrix is based upon the relationship between 

the electrical input signal and output signal, its accuracy is very sensitive to the 

variation in the optical power at the receiver. Despite having a temporally invariable 

channel, the equalization still must be repeated at fixed time intervals.  

 

However, this estimation method will occupy some bandwidth, so it reduces the 

channel transmission efficiency. The optimizing training sequence is strongly relevant 

to the estimation accuracy; for example, the length of the training sequence, 

correlations between the training sequence and signal sequence, autocorrelations of 

the sequence itself, and even the sequence power level will all degrade the estimation. 

An alternative, new estimation method called blind estimation estimates the channel 

without any information of the transmitted signal. This is manipulated by exploiting 

the statistical properties of the received sequence [149]. All of the advanced 

estimation methods in signal processing are beyond the scope of this thesis. For the 

sake of simplicity and efficiency, the pseudorandom binary sequence combined with 

the LS estimation method is applied in the remainder of this thesis. 

 

After the channel estimation is completed the symbol recovery can proceed using the 

zero forcing criterion, which is an algorithm typically employed in MIMO systems. 

Its simplest receiver architecture is only a matrix inversion, but the zero forcing (ZF) 

method has an inevitable drawback in that it will amplify the noise. If the channel 

matrix Ĥ is accurately estimated, then multiplying the inversion of Ĥ at both sides of 
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Equation 4.22 gives 1 1 1ˆ ˆ ˆH Y XHH NH    . As long as the condition ˆH H is met, 

the above expression further simplifies to 1ˆ ˆX X NH   , where X̂  is the recovered 

signal, and N is the Gaussian noise. Apparently, the recovered signal has been 

amplified by a factor of 1ˆNH  . When the received signals have been successfully 

recovered, the signal demodulation will proceed according to the transmitted signal 

modulation format.  

 

 

4.5    Number of receivers and transmitters in optical MIMO 

 
Assuming that the invariant temporal condition is maintained in the IM-DD MIMO 

system (i.e. the detector only responds to the received optical power), the matrix H is 

a real valued matrix. We are aware that the MMF channel impairments introduced in 

chapter two are mainly responsible for the MIMO performance through the channel 

matrix H. Moreover, the properties of the transmitter and receiver would also have an 

impact on channel matrix H. The condition number of matrix H and crosstalk at each 

receiver are two key metrics in judging the MIMO performance. By evaluating these 

two factors a more efficient MIMO transceiver can be designed. 

 

4.5.1   Condition number of channel matrix H 

The ability to invert channel matrix H plays an important role in optical MIMO signal 

processing because the H-matrix must be invertible in order to recover signals. When 

the determinant of the squared H matrix is nonzero, the H matrix is said to be 

nonsingular, and the matrix inversion exists so that a condition number is available. 

From a mathematical view, the condition number is designed to measure the 
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sensitivity of a matrix with respect to numerical operations performed on the matrix. 

It is defined as the ratio of the largest singular value to the smallest singular value in 

the singular value decomposition of a matrix [150]: 

                                       
1k H H                                                 (4.24) 

where k is the condition number, 1H   is the inverse matrix of H, and  denotes the 

matrix norm.  

 

The condition number is a well-known metric of the spatial selectivity of a MIMO 

wireless channel. It can provide a short term indication of the SNR required for 

successful signal demodulation [151-153]. Moreover, after it was successfully used to 

evaluate the performance of a wireless MIMO system, the optical communication 

research group at Oxford University applied it as a significant evaluative criterion to 

an optical wireless MIMO system [154]. Similarly, the condition number can in 

principle be used as an evaluation criterion for optical MIMO MMF systems 

 

When the condition number approaches 1, the matrix is called well- conditioned, in 

contrast, the matrix H is said to be ill-conditioned with a larger condition number 

[150]. Strictly speaking, a large condition number is not preferable because even a 

small variation in the matrix element will cause a significant change in the solution 

matrix, thereby leading to errors in signal recovery.  

 

The following simulations demonstrate the relationship between the number of 

transmitters and receivers in an optical MIMO system. An intensity modulation direct 

detection optical MIMO system has been simulated for simplicity as the transfer 

function or channel matrix H is only described as the power transfer between the 
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transmitter and receiver. A standard graded index 62.5 /125 m  MMF is used as a 

transmission medium, and the other parameters used in the simulation are listed in 

Table 4.1.  

Core refractive 

index 

1.45 Laser spot size 3.677μm 

Cladding 

refractive index 

1.44 Wavelength of 

light source 

850 nm 

MMF length 1km Index profile 2 

Transmitted Power 

Pt 

1mW Total number of 

groups 

19 

Fibre attenuation 

&  

Chromatic 

dispersion 

Not considered MMF intra-group 

mode mixing  

 (mode mixing 

within the same 

group) 

Considered due to 

curvature of the 

MMF fibre 

Table 4.1  IM-DD optical MIMO simulation parameters  

 

The first simulation is intended to calculate the condition number for a system that 

contains five different radial offset launches (i.e. 0, 5, 10, 15, and 20μm) and nine 

different detectors (i.e. an SMF with a radius of 4μm will be used as a single detector). 

These detectors are placed 8μm from each other in both the horizontal and vertical 

axes, and the detectors compose a squared detector array, as shown in Figure 4.2. 
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Core area

T1,T2,T3,T4,T5

Transmitters

(a)

Receivers

(b)

D1

D2

D3

D4

D5

    D6

D7

D8

D9

 

Figure 4.2 The transmitter and detector positions: (a) the five different radial offset 

launches and (b) the square detector array containing nine circular detectors with radii 

of 4μm and 8μm distances between each receiver on the horizontal and vertical levels.  

 

The results shown in Figure 4.3 indicate that the condition number decreases as the 

number of input light sources (radial offset input number) increases. The well-

conditioned matrix H can be achieved when the number of input sources is less than 

the number of detectors.   

 

Figure 4.3  Condition number for different numbers of transmitters with nine 

detectors 
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The results in Figure 4.3 illustrate the fact that as the number of light sources 

increases, the spatial degrees of freedom at the transmitter end decrease, resulting in a 

subsequent increase in crosstalk. Therefore, it is preferable to have a higher number of 

detectors than light sources. The second simulation simulated the condition number 

for different detectors by separately applying three input sources with radial offsets of 

0, 5, and 10μm. Figure 4.4 shows that the condition number is improved when the 

number of detectors is greater than the number of transmitters. These indicate that the 

number of inputs should be less than the number of receivers in order to maintain a 

well-conditioned channel matrix; in other words, the invertible matrix ,m nH  exists as 

long as m n , where m is the receiver number and n is the number of transmitters.  

 

 

Figure 4.4  Condition number for different numbers of detectors using three radial 

offset inputs (0, 5, and 10μm)  

 

Although the results in Figures 4.4 and 4.5 provide clear recommendations for the 

choice of the numbers of sources and detectors in an optical MIMO MMF system, a 
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demonstration of the effect of condition number on system performance (i.e. the BER 

or Q factor) is still lacking. In order to characterise this effect a 2x2 IM-DD MIMO 

system was designed in which the transmitter utilizes two different launches (0 and 

15μm offset launching), and the receiver is comprised of two SMFs( with radii of 

4μm). For the sake of simplicity, channel estimation is not necessary because we can 

assume that the channel matrix H is known at both the transmitter and receiver and 

can be obtained from Equation 4.13. Two random binary sequences with the same 

length of 72 1  are used to transmit through such a system with SNR=30dB. The 

different condition number values can be calculated by modifying each element in the 

matrix H. The results for both receivers are shown in Figure 4.5. The Q factor has 

been selected as a metric to determine the performance.  

 

Figure 4.5  Condition number versus Q factor in the 2x2 Optical MIMO MMF system 

 

From the results shown in Figure 4.5, we have learned that the Q factor significantly 

decreases as the condition number increases for both receivers. Even small changes 
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(i.e. 5) in the condition number will cause a decrease of approximately 7.5dB in the Q 

factor; thus, the condition number should be minimized as much as possible when 

designing a high performance MIMO system. 

 

4.5.2   Transmitter and receiver structure in optical MIMO 

From the above subsection, we have learned that in order to keep a low condition 

number and obtain a good channel matrix H, the number of receivers must be equal to 

or greater than the number of transmitters. 

 

It is adequate to extend this from a noise point of view because when the system is 

limited by thermal noise at the receiver, it is favourable for the SNR to have m=n. 

This is because the thermal noise at each output will have a given variance, while an 

increase in m means that the received optical power at each detector will decrease. If 

the shot noise is the dominant noise, the signal to noise ratio is proportional to the 

received optical power; thus, maximizing the received optical power at each detector 

is a priority. In general, m=n will be chosen in an optical MIMO system; however, the 

problem identifying the effective placement of receivers in the MIMO system arises. 

The following simulations shed light on this issue.  

 

In the 2x2 IM-DD optical MIMO MMF system the transmitters launch GI-MMF by 

two radial offsets (0 and 15μm). The nine-detector array is used, and each individual 

detector has a radius of 4μm. Thus, any combination of two of the nine detectors can 

be selected as the two receivers. In total, there are 36 different combinations. The 

condition number can be utilized to evaluate the best receiver position. Table 4.2 gives 

the calculated condition numbers for different combinations in the nine-detector array.  
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Detectors D1 D2 D3 D4 D5 D6 D7 D8 D9 

D1 NA 35.8 56.6 19.3 14.7 18.5 3.6 13.3 17.2 

D2 35.8 NA 37 32.4 5.3 29 5.5 5.0 3.4 

D3 56.6 37 NA 21.9 21.1 21.2 4.4 22.0 10.8 

D4 19.3 32.4 21.9 NA 6.8 2.7 4.41 4.49 83 

D5 14.7 5.3 21.1 6.8 NA 6.81 10.1 3.3 1.8 

D6 18.5 29 21.2 2.7 6.81 NA 4.4 4.41 8.65 

D7 3.6 5.5 4.4 4.41 10.1 4.4 NA 15.2 8.67 

D8 13.3 5 22 4.49 3.3 4.41 15.2 NA 43.1 

D9 17.2 3.4 10.8 83 1.8 86.5 8.67 43.1 NA 

Table 4.2   The condition numbers for different receiver placements in the 2 x 2 IM-

DD MIMO system; the red condition number represents the best receiver position. 

 

In accordance with the value of the condition number, the best configuration of the 

detector is the combination of detector 5 and detector 9 shown on the right hand side 

of Figure 4.2. Obviously, it is not trivial to find a standard rule to select the best 

receiver positions due to the random phase induced by intra-group mode mixing when 

propagating over a long distance (i.e.1km). The mode mixing breaks the orthogonality 

of the near field intensity pattern of LP modes, and the intensity pattern starts to rotate 

in a random nature. Owning to the higher order modes appear at the outside region of 

the fibre core and the fundamental mode is very stable at the centre of the fibre core. 

Therefore, annular multi-segment detectors are regarded as promising detectors for 

optical MIMO MMF systems. The structure of such a detector is shown in Figure 4.6.  
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Figure 4.6   The annular multiple-segment detector array 

 

A further simulation based on the previous 2x2 IM-DD optical MIMO MMF model 

with annular multi-segment detectors was conducted. All system parameters remained 

the same with the exception of the receiver structure. Two radial offset launches (0 

and 15μm) were used. In addition, the newly simulated receiver included two 

detection areas: one containing a circular detection area with a radius of 10μm located 

at the centre of the fibre core; and the other having an annular shape with a radius 

between 10 and 31.25μm. The calculated channel matrix H is shown below: 

Radial Offset from 

centre/μm 

 

0 15 

First circular detector: 

radius of R1=10μm 

H=0.8389 H=0.0752 

Second annular detector: 

radius of R2=10-31.25 μm 

H=0.2305 H=0.7703 

Table 4.3 The IM-DD optical MIMO channel matrix H when using annular multiple- 

segment detector array 
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In this particular design, the calculated condition number is 1.4808. Although this 

value is not very close to 1 (well-conditioned matrix) it is still smaller than most of 

the detector combinations shown in Table 4.2. Thus, we can conclude that the new 

type of receiver has the advantage of providing a more efficient channel matrix, which 

can improve system performance.  

 

 

 

4.5.3   Crosstalk in optical MIMO 

To ensure that the MIMO system can achieve its maximum capacity, the channel 

matrix element ,i jh  must be uncorrelated, and the sufficient spatial diversity condition 

should be maintained at both the transmitter and receiver. In an annular detector array 

the optical crosstalk between each detector plays an important role in the MIMO 

system, for instance, by degrading the system performance, limiting the optical 

MIMO capacity, and preventing the signal separation from the mixed signal at each 

detector. The crosstalk can be expressed as:  

                             

,

10

,

10log

i j

i j

i i

h

CT
h





                     (dB)                   (4.25) 

In order to minimise the crosstalk the annular detector radius must be carefully 

designed. One effective method for minimising the crosstalk is to find the cross point 

of the encircled power flux (EF) curves generated by the different radial offset 

launches. The determination of the optimized annular radius will be introduced in the 

next chapter. 
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4.6   Conclusion 

 
This chapter introduced the model of the optical MIMO MMF system and presented 

the mathematical analysis of channel matrix H. Subsequently, the capacity of the 

optical MIMO system was calculated by utilizing the channel matrix H. At the 

receiver part a simple zero forcing MIMO signal processing was carried out by 

inverting the channel matrix and multiplexing with the received signal. The initial IM-

DD optical MIMO simulations were capable of analysing the relationship between the 

numbers of transmitters and receivers; the results confirmed that the ideal condition 

could be obtained when m n . The condition number of channel matrix H and 

receiver crosstalk are two factors that can be used to optimize the MIMO system, 

especially in the design of receivers. The high sensitivity of the Q factor to the 

condition number makes it a key metric in evaluating optical MIMO MMF systems. 

In conclusion, the condition number must be controlled and kept as small as possible 

in order to achieve high performance. It was also found that annular multiple- 

segment detector arrays may become simple and efficient receivers for future optical 

MIMO MMF systems. After developing an optical MIMO MMF model, the next 

chapter will focus on the simulation of a gigabit IM-DD optical MIMO system in 

MMF. 
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Chapter 5: Intensity Modulation and Direct Detection     

         (IM-DD) Optical MIMO System  

 
In the previous chapter the condition number was used as a metric to evaluate 

different configurations of optical MIMO receivers combined with offset launch. 

However, the analysis shows the merit of annular receivers. Consequently, in the first 

half of this chapter, an optimization of such receivers with offset launch is introduced 

to improve system performance. The clearly defined optimization steps for both the 

optical MIMO transmitter and receiver are presented, which includes laser spot size 

and the exact positions of the annular detectors. The first experiment on mode group 

diversity multiplexing using multiple SMFs as receivers was reported in 2005 [155]. 

One year later, the same author proposed a new idea related to annular detectors; 

however, this study did not characterise the overall MIMO system performance, such 

as BER and power penalty [90]. The content of this chapter extends that work to a 

10Gb/s IM-DD optical MIMO MMF system. Meanwhile, many existing high speed 

MGDM systems [91, 93] assume that the optical MIMO MMF channel is a flat fading 

channel; in reality, because manufacturing imperfections may cause different time 

delays for guided modes, this assumption is unrealistic. In the following simulation, 

the modal time delay is considered when defining a comprehensive channel matrix. 

Finally, the effects of receiver noise, intra-group mode mixing, modal dispersion, and 

attenuation are all examined.  
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5.1    System model 

 

MZ-IM

MZ-IM

MZ-IM

.

.

.

.

PBRS PBRS PBRS

Lasers (N)

OOK

OOK

OOK

MMF Core Region 
with radius of 

31.25um or 25um

MIMO
Signal 

Processing 
(Equalization).

.

.

.

Phtotdetectors (N)

.

.

.

.

BER

Oscilloscope

RX1

RX2

RX3

Figure 5.1   Schematic of an IM-DD optical MIMO system in MMF, the red arrowed 

line indicates the optical signals, while the blue arrowed line indicates the electrical 

signals. 

  

The intensity modulation direct detection MIMO link model is illustrated in Figure 

5.1, and contains three parts: the offset launching, spatial selective detectors, and 

MIMO signal processing. We assume that transmitter number and receiver number are 

the same, and each of the N inputs OOK modulated by an independent pseudorandom 

binary data steam that operates at 10Gb/s is independent to each other. The VCSEL 

wavelength can be either 850 or 1310nm with the same input optical power of 0dBm 

at each transmitter. For high speed links, the external modulation is the preferred over 

direct modulation because it minimises the relative intensity noise (RIN) induced 

from the fluctuation in laser intensity, and the phase noise is mainly caused by the 

finite linewidths of the laser sources. However, the most important advantage is the 

avoidance of the chirp effect, which results in signal spectral broadening and leads to 

dispersion. The dual drive Mach-Zehnder intensity modulator (MZIM) is commonly 
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applied [9]. The laser is then biased at a constant current in order to provide the 

continuous wave (CW) laser, and the generated optical carrier is subsequently led to 

the external modulator for data modulation. An NRZ format PBRS is chosen as the 

input electrical signal. Here, for the sake of simplicity, the phase noise, unwanted 

chirp, and relative intensity noise are all neglected. The receiver noise is regarded as a 

major impairment in the IM-DD optical MIMO MMF system.  

 

In addition to the assumptions made regarding the transceiver, the coupling effect is 

also assumed to vary slowly compared with the symbol period. Due to the nature of 

IM-DD the matrix H is described as the ratio of the thj transmitter input power and the

thi receiver output power, as presented in Equation 4.12. Each detector receives a 

different power distribution from all of the transmitters through the guided modes, 

and the intensity distribution is linearly superposed. Lastly, the captured mixed signals 

are passed to the MIMO signal processing, which is a simple matrix inversion to 

recover the symbols. The received electrical signal is written as: 

                      
2

,

1

( ) R ( ) ( )
QM

k

i i i j j k i

j k

I t y t H x t n t


                  (5.1) 

where ( )iI t  is the received electrical signal, R is the responsivity of the detector, ( )in t  

is the Gaussian noise, ( )iy t  is the received signal at the ith receiver,  j kx t   is the 

transmitted electrical signal and the channel matrix is given in Equation 4.12. 

         

The offset launch is applied at the transmitter and can be achieved by a combination 

of the SMF and MMF connection by using either a computer-controlled micro-

positioner [91] or a translational stage [141] to precisely launch on the core of the 

MMF. Two types of receivers were taken into account: a standard SMF pigtailed 
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photodiode that can perform spatially selective detection [91]; and the proposed 

annular multi-segment receivers.  

 

The typical structure of a transmitter with a narrow Gaussian beam of arbitrary offset 

and annular multi-segment receivers is illustrated in Figure 5.2. The input Gaussian 

beam is symmetrical about the fibre axis in the MMF fibre input plane.  

Core Region

Cladding Region
TX1

TX2

TX3

MIMO offset launching and detection by SMF or Annular detectors

RX1

RX2

RX3

MMF Fibre Core Boundary

MMF Fibre Core region centre

Multi-Segment array Detectors 
i=(1….n), The different colour 

represents the different 
detectors area

Type 1 
Receivers

Type 2 
Receivers

(a) (b)

(c)
 

Figure 5.2   The selective launching and detection of the IM-DD optical MIMO MMF 

system: (a) radial offset launching, (b) selective detection by SMFs, (c) annular Multi-

segment photodetectors.  

 

5.2   IM-DD optical MIMO transmitter  

 
The number of excited modes depends on the spatial excitation conditions, for 

instance, the light source wavelength, spot size, and radial offset value. A single 

longitudinal mode VCSEL laser source is used in the simulation as it has a relaxed 

coupling requirement. Moreover, it can also provide a high coupling coefficient in 

conjugation with a Gaussian beam with a small spot size. The launched Gaussian 
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beam is aligned to the fibre axis, but the simultaneous launch of different beams at the 

facet of the MMF becomes a problem. To minimise the correlation of the light sources 

the input beams are launched through different lengths of SMF, which gives rise to 

different path delays for each launch. A standard 61.25µm/125µm MMF with 

NA=0.275, 1 1.414, 0.0174n     and index profile=2 was employed in the 

simulations below. The launched laser spot size was assumed to be 4µm and the 

optimized value will be investigated in detail in Chapter 5.2.2.  

 

 

5.2.1 Radial offset launching 

The purpose of a radial offset launch is to excite as few modes as possible and to 

increase the bandwidth. The power distribution of these excited mode groups after 

manipulating the radial offset value separately from the fibre centre is shown in 

Figures 5.3-5.4. In order to maximize the MIMO capacity, the transmitters and 

receivers must have sufficient spacing to maintain sufficient spatial diversity. The 

radial offset values were set to 0 and 12µm for the 2x2 MIMO system and 0, 12, and 

24µm for the 3x3 MIMO system. 

                                    (a)                                                                  (b) 

Figure 5.3  Mode group power distribution when centre launching is applied: (a) 

850nm  , (b) 1310nm  . 
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When using the laser is operated at 850nm, the calculated total mode group number is 

20; when operating at 1310nm, the total 12 mode groups belong to MMF. The centre 

launching couples most power into the fundamental mode, even though a slight 

amount of power is coupled to the 3
rd

-order mode group in the 1310nm case.  

 

                                      (a)                                                                (b) 

 

                                       (c)                                                                (d) 

Figure 5.4 Mode group power distribution when offset (12µm, 24µm) launching is 

applied: (a) at 850nm with a 12µm offset launching, (b) at 1310nm with a 12µm 

offset launching, (c) at 850nm using a 24µm offset launching, (d) at 1310nm using a 

24µm offset launching.  

 

Figure 5.4 shows the tendency of the power coupling coefficient to shift to the higher 

order mode groups as the radial offset value increases. It is also notable that the modal 

power is distributed among lower order mode groups at 1310nm, but is gradually 
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distributed over the higher order mode groups at the 850nm wavelength; this effect is 

more obvious for a larger radial offset value. The 850nm VCSEL has long been used 

due to its easy implementation; owing to fewer mode groups being generated by the 

1310nm laser source, so that it has become a promising candidate for high speed data 

transmission systems, such as the optical MIMO MMF system. 

 

5.2.2 Laser spot size  

The number of excited modes at each radial offset launching also relies on the 

Gaussian beam spot size. A Gaussian input beam consists of only the fundamental 

mode and is initialised and defined as:                        

                               
2

0

(r) (0)exp( )laser laser

r
E E

w
                                (5.2) 

where (0)laserE  is the peak field at the fibre centre, and 02w is the modal field diameter. 

Figure 5.5 illustrates the geometrical interpretation of the Gaussian narrow beam 

distributed across the fibre core.  

MFD

Fibre 
Core

Field Amplitud 

Fibre 
Cladding

Fibre 
Cladding

Spot
size

 

Figure 5.5 Geometry of the input Gaussian beam; MFD stands for modal field 

diameter, and the spot size is determined as half of the MFD.  

 

The beam waist located at the input facet of MMF is dependent on the MMF 
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fundamental mode width. This relationship can be expressed in the following equation: 

                                                
0 1

2

2
fundamentalw

n







                    (5.3)  [109] 

where   is the radius of the core, 0  is the free space wave number, 1n  is the core 

peak refractive index value, and  is the refractive index profile height parameter. 

According to the above equation, the fundamental mode width of a typical 

61.25/125µm MMF operated at 1310nm is approximately 7.04µm. For a zero offset 

launching, the optimum spot size corresponds to 0 fundamentalw w , where all of the 

power is coupled into the fundamental mode 01LP , but this confinement is not suitable 

for the higher order mode groups excited by arbitrary offset launching. As seen in 

Figure 5.4, it is clear that with a 24µm radial offset launch by a 1310 nm narrow 

Gaussian beam the maximum power is mainly allocated to the mode groups 7 to 11. 

Now we use these normalized mode group power coupling coefficients to characterise 

the optimum laser spot size when the radial offset launching is applied.  

 

Figure 5.6   The power coupling coefficients on various input Gaussian beam widths 

for different mode groups (8
th

 -11
th

 group) with offset=24µm and 1310nm    



105 

 

Figure 5.6 shows that the power coupling coefficient in these mode groups is sensitive 

to the variation in the input Gaussian beam width. The power coupling for mode 

group 11 is reduced by less than 5% from its maximum value when the ratio of the 

input beam width to the fundamental mode width is changed from 0.4 to 0.6. Figure 

5.7 corresponds to the power excitation spectrum at different input beam widths for 

all mode groups. We can see that the wider the power excitation spectrum, the more 

mode groups will be excited. Therefore, a narrow power excitation spectrum is 

preferable for optimizing the laser input beam width in order to reduce the modal 

dispersion effect. Thus, the results show that 0 / w 0.6fw   is the optimal beam width 

at a radial offset launch of 24µm.  

 

Figure 5.7 The power excitation spectrum of different mode groups excited by a 

24µm radial offset narrow Gaussian beam with a varied input beam width ( 0 / w fw the 

beam width ratio between the laser source and fundamental mode, 1310nm  , 

62.5/125µm GI-MMF, index profile 2  ).  
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When matching the input beam width with the fundamental mode width, the power 

excitation spectrum is seen to be broader than the optimal one ( 0 / w 0.6fw  ). This 

reveals that optimal condition of the Gaussian input beam used in centre launching is 

no longer valid in the offset launching condition. In general, a compromise may be 

made based on 00.4 0.8fundamental fundamentalw w w  . In parabolic index optical fibre the 

width is found to be optimized at 0.6 fundamentalw , which is the optimal excitation of the 

higher order mode groups and 80% power is retained in fundamental mode using 

centre launch [145, 156]. The optimized value is sensitive to different system 

configurations and depends on laser source wavelengths and the fibre refractive index 

or numerical aperture. To adjust the laser spot size, a focus lens may be effectively 

utilized. In addition, a procedure for optimizing the narrow input Gaussian beam 

width as a function of MIMO capacity will be outlined in Section 5.4.  

 

5.3   IM-DD optical MIMO receiver  

The spatial selective detector is accomplished by either multiple SMFs or annular 

multi-segment detectors. A simple PIN photodiode is used in the photodetection 

process; thus, the system performance is restricted by intrinsic shot noise and thermal 

noise. However, before the detection process, an ideal lowpass filter is very useful for 

more accurate channel estimation and detection.  

 
5.3.1 Receiver impairments  

 
At the receiver end the detected optical power is converted to electrical current via the 

responsivity of the photodetector, which is given by:                                        

                                                      
q

R
hv


                

1( )AW 
                             (5.4) 
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                                        p inI RP                                                     (5.5) 

where PI  is the output photocurrent in amperes, inP is the incident optical power,  is 

the quantum efficiency, which represents the conversion coefficient from the detected 

photos to electrons, q is the electron charge, and hv  is the energy of the photon 

associated with frequency v . The averaged received optical power is can be written as:                                         

                                                       1 0 / 2recP p p                                          (5.6) 

Noise is an unavoidable limitation in photodetector performance. There are two major 

noises in photodetectors: thermal noise, induced by the thermal agitation of electrons 

in a conductor; and shot noise, referring to the generation of a random distribution of 

electrons [157]. In a specific photodetector, the receiver sensitivity can sometimes be 

used to characterise the thermal noise. The receiver sensitivity is commonly used to 

define the minimum average receiver power recP to achieve a BER of 910 . The 

relationship between thermal noise and receiver sensitivity may be written as [157]:  

                                                 /rec tP Q R ,    /t recP R Q                           (5.7) 

The Q factor can be calculated from Equation 5.13. The noise generated during the 

photodetection process is expressed as: 

                                              2 2 2 4
2noise s t p

L

kTB
I I I eBI

R
                               (5.8) 

where T denotes the absolute temperature, B is the effective noise bandwidth of the 

receiver, k is Boltzman’s constant, and LR  is the load resistor. For simplicity, the noise 

is simply added onto the received signal. The signal to noise ratio for each receiver is 

given as a ratio of average signal power to noise power.   
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i

RP


                                    (5.9) 

iP  refers to the average received optical power from the thi receiver associated with 

noise variance 2

i . 

 

In IM-DD optical MIMO MMF systems the detection takes place based on the 

decision threshold level:  

                                          0 1 1 0

0 1

D

I I
I

 

 





                                 (5.10) 

where DI  is the decision threshold, which detects bit “1” if above this threshold level 

and “0” when below it. Once the variance of bit “1” and bit “0” is the same (i.e. 

0 1  ) the decision level can be set in the middle of 1I + 0I . 1 0 1 0, , ,I I    denote the 

average value and corresponding variance for bits (1, 0), respectively. In addition, 

BER is always regarded as a major factor for evaluating system performance and is 

written as:  

                       
1

[P(0 /1) P(1/ 0)]
2

total error bits
BER

total bit
                  (5.11) 

The analytical expression of BER in the OOK system is derived below [157]: 
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5.3.2 Optimization of receiver  

The two types of receivers used in the optical MIMO MMF system are shown in 

Figure 5.2. The first one is a spatial selective detector realised by SMF that is placed 

at the output of MMF assuming that the transmitter and receiver are symmetrically 

placed across the fibre core. To mitigate the crosstalk caused by different radial offsets 

the higher order mode groups are detected by placing the SMF at the outer region of 

the fibre core, and on the other side the SMF at the centre region is used for detecting 

the lower order mode groups.  

 

The second effective detection scheme is to use annular multi-segment detectors. If it 

were possible to detect the received power without any power from other transmitters, 

the receiver would have a high independent spatial diversity and give a high quality 

transmission channel. This aim can be achieved by finding the cross points from the 

power flux distribution emitted by transmitters through different launch conditions. 

The normalized power flux from the thj transmitter is described by the fraction power 

within a certain fibre area whose radius is between r and r+dr. The expression is 

given as follows: 
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where  ,I r   is the intensity, the numerator denotes the power enclosed in the area 

with a radius between r and r+dr, and the denominator represents the total power 

across the fibre core. In the simulation, r was set in the range of (2-30µm), with an 

increment of dr=2µm each time. The next diagram demonstrates the specific steps of 

such a scheme in detail, where a 3x3 optical MIMO MMF (62.5/125µm) system with 
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radial offsets (0, 12, and 24µm) and a narrow Gaussian beam (spot size=4µm) 

operated at 1310nm wavelength is simulated.   

 

Figure 5.8 Normalized power flux at the output of an infinite parabolic GI-MMF with 

three different offset launches (0, 12, and 24µm) 

 

Based on the observation in Figure 5.8, the crossing points of three normalized power 

fluxes are used to determine the annular detector radius. In this 3x3 MIMO system, 

the first circular detector collects the power within a circular area with a radius of 

7µm, the second annular detector contains an area with a radius from 7 to 15µm, and 

the radius of the third annular detector ranges from 15 to 31.25µm. On this basis, it 

would seem that this choice yields a diagonally dominant channel matrix H that gives 

rise to a well-conditioned matrix, which is beneficial for MIMO equalization and 

reduces the power penalty. Moreover, it is apparent that when using this scheme each 

receiver is capable of detecting a signal with a minimum averaged crosstalk. Using 
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the annular detector optimization method the 2x2 and 3x3 IM-DD optical MIMO 

structure specifications are obtained and summarised in Table 5.1. 

NxM MIMO Input Radial Offset (µm) Output Detector Radii (µm) 

N=M=2 0,  12 0-7,   7-31.25 

N=M=3 0,   12,   24 0-7,   7-15,   15-31.25 

Table 5.1   2x2 and 3x3 IM-DD optical MIMO system specifications with annular 

multi-segment detectors 

 

5.4   IM-DD optical MIMO simulation results 

As stated earlier in this chapter, the N independent PRBS data streams with a length 

of 232 1  are used for both transmitted signals and training sequences in the 

simulations, resulting in a more accurate channel estimation. This accuracy also relies 

on the capability of the lowpass filter that is exploited before detection in order to 

minimise the noise effect. In the simulation, each laser is used to modulate the binary 

data at the same wavelength (1310nm) and with the same optical power. Hereafter, the 

different independent OOK signals are led to the MMF by various launching 

conditions. The offset launch and design of the annular detectors are optimized in the 

simulations. The optimized annular receiver specification is summarized in Table 5.1, 

while the conventional circular detector is designed to use the SMF with an 8µm 

diameter. 

 

5.4.1 IM-DD optical MIMO capacity  

In a deterministic channel, once the channel matrix is calculated the capacity can be 

obtained by the given SNR. In an IM-DD system, the channel input is proportional to 

the intensity of the light source and is therefore non-negative; thus, the classical 
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Shannon channel capacity formula derived for bipolar signals cannot be applied 

directly [158, 159]. For a linear MMF channel, the IM-DD capacity is approximately 

half of the Shannon limit based on the one dimensional Gaussian channel 

approximation [160]. For the r tN N  IM-DD optical MIMO MMF system, the 

capacity is calculated for different numbers of N, laser spot sizes, mode mixing, and 

positions of radial inputs. Annular multi-segment detectors are utilized due to their 

high effectiveness. Moreover, the further assumption has been made that the receiver 

noise and modal dispersion are two impairments. The system capacity results obtained 

using Equation 5.15 are shown in Figures 5.9 to 5.12.   
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Figure 5.9 The IM-DD optical MIMO capacity versus SNR for N=1,2,3, L=1km,

0 4 m  , parabolic index profile 62.5/125µm GI-MMF,  1 1.414, 0.0174n    . 

 

The IM-DD optical MIMO capacity is calculated using Equation 5.15 [90-91]:  

 

2log det[ ]
average H

N

T

SNR
C B I HH

N

 
  

 
                (bit/s/Hz)          (5.15) 

where HH is the complex conjugate matrix, NI is the N N identity matrix, averageSNR

is the average electrical signal to noise ratio, and B is the bandwidth.  

 

In Figure 5.9, the capacity increases as a function of the number of transmitters and 

receivers. The capacity in the N=3 optical MIMO system is significantly increased 

compared to the SISO system. (an increase from 9.6 to 25.5 bits/s/Hz at SNR=30dB).  

At a fixed SNR and input optical power, the capacity is determined by the launching 
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and detection at the MMF input and output. Moreover, the independence of each 

element in the channel matrix H has a great influence on the system capacity.  The 

capacity enhancement moving from N=1 to N=2 (9.5 bits/s/Hz at SNR=30dB) is 

larger than that moving from N=2 to N=3 (6.2 bits/s/Hz at SNR=30dB) because there 

are more crosstalk at receivers in the 3x3 optical MIMO system. In the N=3 optical 

MIMO system, the detected power at receiver 3 may not only contain the desired 

power emitted from transmitter 3, but also that from transmitter 2; similarly, receiver 

2 may collect some detected power from other transmitters. Therefore, it will increase 

the correlation between different channels and degrade the capacity gain.  

 

 

Figure 5.10   The 2x2 IM-DD optical MIMO capacity versus laser spot size ( 0 / fw w ) 

 

Figure 5.10 shows the effect of changing the laser spot size on the capacity of a 2x2 

optical MIMO system. The capacity is not linearly related to the spot size. The highest 
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capacity is achieved at / 0.4 0.6o fw w or , which is in good agreement with the 

results shown in Figure 5.7. Further increases in spot size cause the capacity to drop 

slightly from its peak value; this mainly results from a decrease in the launching 

spatial diversity at the input facet of MMF. For a given SNR of 15dB, the 2x2 optical 

MIMO capacities with different spot sizes are shown in Figure 5.11. The capacity 

increases significantly with increasing spot size until / 0.6o fw w  ; upon further 

increases in spot size, the capacity exhibits a slight descending trend. The theoretical 

explanation is that more modes are excited by using a larger spot size; thus, the 

channel has a rich spatial diversity, enabling each spatial channel to be independent. 

Continuing to increase the spot size could reach a saturation level.  

 

Figure 5.11 Capacity of a 2x2 IM-DD optical MIMO system versus spot size with 

SNR=15dB, L=1km, 62.5/125µm GI-MMF (index profile=2).  
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Figure 5.12 The effect of intra-group mode mixing on optical MIMO capacity, L=1km, 

spot size=4µm, 62.5/125µm GI-MMF (index profile=2). 

 

Under intra-group mode mixing, the total power launched in a principal mode group 

will redistribute evenly among the modes within that group, and the phase of this 

principal mode group will become a random phase over[0,2 ] , which is shown in 

Equation 3.18. Once the near field intensity pattern with intra-group mode mixing is 

generated, the channel matrix can be obtained by Equations 4.13 and 4.15. Finally, the 

capacity is calculated by using Equation 5.15. In Figure 5.12, the 3x3 MIMO system 

has a more noticeable effect on the intra-group mode mixing than the 2x2 MIMO 

system. The larger number of detectors requires more spatial degrees of freedom at 

the receiver end; however, the random phase induced by mode mixing will cause an 

overlap in the power distribution at each detector, degrading the potential capacity. 

Contrary to the 3x3 MIMO system, the larger distance between transmitters in the 2x2 

MIMO system cause mode mixing to not strongly affect its capacity. The average 
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receiver crosstalk penalty caused by intra-group mode mixing is only less than 1dB in 

both the 2x2 and 3x3 MIMO systems, as given in Table 5.2.  

Nr=Nt Average Crosstalk Nr=Nt Average Crosstalk 

2x2 (no mixing) -10.66dB 3x3 (no mixing) -4.6dB 

2x2 (mixing) -9.92dB 3x3 (mixing) -4.3dB 

Table 5.2 Average crosstalk for IM-DD optical MIMO system 

 

 

5.4.2 Results of the 2x2 IM-DD optical MIMO MMF system  

 
In the 2x2 IM-DD optical MIMO model, the two lasers are modulated by the NRZ 

signals at 10Gb/s. Assuming that the different mode attenuation is the same for all 

modes, we can consider that the overall average attenuation is 0.38dB/km at the 

1310nm transmission window. Because the major impairment in MMF transmission is 

dominated by modal dispersion, the chromatic dispersion is neglected in the short 

distance MMF transmission links. In addition, the nonlinear effects are not taken into 

account. In theory, the complete channel matrix H should be defined as:     
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The coefficients ,i jP  should be normalized so that an expression of the average total 

received optical power from the thj transmitter can be found. The benefit of doing so 

is to use this figure to describe the spatial diversity of the receivers regardless of the 

optical received power. The parameters ,k k   are the time delay and attenuation of 

the thk  mode, respectively. A schematic of the complete system model is depicted in 

Figure 5.13.  
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            Figure 5.13 Simulation model of the 2x2 IM-DD optical MIMO system 

 

An optical attenuator (VOA) is implemented to modify the total received optical 

power. The signal data transmission is carried out in the frequency domain, and the 

frequency domain equalization is then exploited by applying the zero forcing method. 

The training sequence is sent out from transmitter 1 to estimate 11H and 12H ; in a 

similar manner, the channel matrices 21H and 22H  are estimated by sending the 

training sequence from transmitter 2 while switching off the other transmitter. Unlike 

the previously proposed narrowband MIMO model that assumed all of the optical 

pulses would arrive at approximately the same time, the model built here is 

considered as a wideband model that can also evaluate the modal time delay. The 

parameters used in the simulation model are given in Table 5.3. 
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Table 5.3 The IM-DD optical MIMO system model simulation parameters 

 

 
Figure 5.14   The BER of a 10Gb/s 2x2 IM-DD optical MIMO system with L= 1km 

 

 

The zero forcing method will amplify the receiver noise, so the equalization is not 

very noticeable in a low SNR region, as shown in Figure 5.14. But it changes quickly 



120 

 

when SNR increases to 12dB because the amplified noise is much less than the signal 

which demonstrates an apparent equalization effect.  

Receiver-1
Unequalized

Receiver- 2
Unequalized

Receiver-1
Equalized

Receiver- 2
Equalized

 

Figure 5.14-a  Eye diagrams before and after MIMO equalization at 10Gb/s of L=1km 

 

Figure 5.15   The BER versus average received optical power of a 10Gb/s 2x2 IM-DD 

optical MIMO system with a length of 1km 

 

The MIMO equalization effect is proved by comparing the eye diagrams before and 
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after equalization at both receivers, the results are shown in Figure 5.14-a. Figure 5.15 

shows the variation in BER with the average received optical power. At BER= 910 , 

compared to a back-to-back link, receivers one and two have power penalties of 3 and 

3.5dBm, respectively. The 0.5dBm power penalty difference may be explained by 

there being less received power at receiver two and a lack of receiver spatial diversity. 

Moreover, the interference from the higher order groups into the lower order groups 

seems to be more severe than vice versa. In order to better evaluate the overall optical 

MIMO performance of different system configurations, the averaged BER will be 

exploited instead of the BER at each individual receiver. Figure 5.16 shows the 

averaged BER for different data rates, and it is obviously to obtain that the required 

optical power for the BER is maintained at a certain level (i.e. 910 ), which is slightly 

increased (0.5dBm) after 6Gb/s. In contrast, an extra optical power of 1.2dBm is 

required when the data rate changes from 2 to 4Gb/s.  

 

Figure 5.16  The 2x2 IM-DD optical MIMO simulated averaged BER versus data rate 

of 2, 4, 6, 8, and 10Gb/s at a fibre length of L=1km. 
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Figure 5.17 The 2x2 optical IM-DD MIMO BER for each receiver at different bit 

rates, L=1km, and an averaged received optical power of -15.4dBm. 

 

Figure 5.17 emphasizes the changes in BER at different bit rates for the two sub-

channels at a fixed average optical received power of -15.4dBm. At 2Gb/s the BER 

changes from 1610 to 510 , at which point the data rate reaches 10Gb/s for receiver 

two, while similarly, the better performing receiver one has the same tendency as 

receiver two. From the results in Figure 5.16 and 5.17 we have learnt that the optical 

MIMO system performance is significantly reduced with increasing of the data rate. 

This indicates that the noise effect is still a major restriction in the IM-DD optical 

MIMO system since the added receiver noise (AWGN noise) is proportional to the 

signal bandwidth. This drawback limits the usage of the proposed IM-DD optical 

MIMO system in data networks with even higher data rates (i.e. 40Gb/s). Therefore, a 

more advanced MIMO signal processing method may be needed to minimise the 

noise effect. (i.e. MMSE)  
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Figure 5.18 The 2x2 IM-DD optical MIMO simulated average BER versus fibre 

length of 0.3km, 0.5km, 1km, 1.5km, and a back-to-back at a data rate of 10Gb/s.  

 

By using the frequency domain equalization, the mixed signals at each receiver can be 

successfully separated, however, a small power penalty difference of approximately 

0.15dBm still exists at different transmission lengths, and the results are depicted in 

Figure 5.18. In this IM-DD optical MIMO system, the crosstalk at receivers and intra-

group mode mixing will become two major determining factors. Figure 5.19 indicates 

how the intra-group mode mixing affects the overall 2x2 IM-DD optical MIMO 

system performance, and the BERs for both receivers are estimated.   



124 

 

 

Figure 5.19 The 2x2 optical MIMO BER versus received optical power under mode 

mixing and without mode mixing for different detectors, L=1km, and data rate=10 

Gb/s. 

 

It was found that there is an approximate power penalty of 1dBm at each receiver 

when considering intra-group mode mixing in comparison to the case with no intra-

group mode mixing. This mixing has a small impact on system performance due to 

the nature of the intensity modulation and direct detection, which means that the 

detected signal is only dependent on the received optical power. So far the MIMO 

detectors have only been implemented by annular multi-segment detectors and have 

not yet been compared with conventional multiple-SMF detectors. The next 

simulation evaluates and compares these two types of receivers based on the averaged 

BER values and received optical powers (Figure 5.20). The influence of intra-group 

mode mixing is also considered. 
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Figure 5.20 The averaged 2x2 IM-DD optical MIMO BER versus received optical 

power for different types of detectors (annular multi-segment detectors and SMF 

detectors)  

 

In Figure 5.20, the annular multi-segment detectors exhibit a superior performance 

compared to the conventional SMF detectors under intra-group mode mixing; a power 

penalty of 1.9dBm is observed compared to the back-to-back link. On the other hand, 

the SMF detector encounters a power penalty of about 4dBm, which is at least twice 

that of the annular detectors. Therefore, the desirable result achieved by the annular 

multi-segment detectors is preferable for the optical MIMO system; at the same time, 

the annular detectors provide a relatively low receiver crosstalk (demonstrated in 

Chapter 4.5.3).  

 

The last simulation is to determine the power penalty with an increasing number of 

transceivers (e.g. to compare the 3x3 system with the 2x2 system). The changes in 

power penalty with the number of channels created in the MMF for different fibre 

lengths are given in Figures 5.21 to 5.23.  
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Figure 5.21   The 3x3 IM-DD optical MIMO BER changes with various received 

optical power for three receivers when intra-group mode mixing is involved 

 

 
Figure 5.22   Average BER versus the received optical power for the 2x2 and 3x3 

MIMO systems 

 

In Figure 5.21, it shows the different characteristics of three detectors in the 3x3  

optical MIMO MMF system, and the crosstalk between each detector is mainly 
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responsible for the observed differences. Figure 5.8 shows that the power flux 

distribution at receiver one is mainly interfered with the receiver two, and although 

the power emitted from transmitter one contributes more at receiver one there is still 

one third of the total detected power is emitted by transmitter two. In the same manner 

as previously shown, detector two will experience serious interference from both 

detectors one and three, and the power flux distribution from transmitters one and 

three make up nearly half of the total power received by annular detector two. 

Because of that, it significantly degrades the performance of detector two and makes 

it the worst sub-channel in the 3x3 MIMO system. Finally, detector three shows the 

best performance among all three detectors due to the aid of a lower portion of the 

total received power induced by emission from transmitter two. In summary, if the 

detector power comes mostly from the desired transmitter, a high performance MIMO 

system can be achieved.  

 

Figure 5.22 shows that the received power penalty increases with the number of 

transmitters and receivers (N), and as in the IM-DD case, both the thermal noise and 

shot noise become the dominant noises during the detection process. Therefore, at 

lower power levels (below -18dBm) there is no significant difference between the 2x2 

and 3x3 MIMO systems. However, the power penalty caused by the 3x3 MIMO 

system starts to increase gradually after receiving an optical power of -18dBm. This 

may be explained by the extra detector inducing more receiver noise, especially when 

the received optical power becomes larger. The extra power penalty caused by the 3x3 

MIMO system is approximately 0.5 and 0.4 dBm in cases with and without mode 

mixing, respectively, when compared to the 2x2 MIMO system at BER= 910 .  
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Figure 5.23  The average BER values of 2x2 and 3x3 IM-DD optical MIMO at 

various fibre lengths for SNR=22dB  

 

Figure 5.23 shows that in the 10Gb/s MIMO system with SNR=22dB, the average 

BER decreases with MMF length because the differential model delay is proportional 

to the transmission distance; thus, the longer the distance, the larger the differential 

model delay, which limits the exploitation of the IM-DD MIMO system in long 

distance transmission links. In the 3x3 MIMO system, a BER of 810  is observed at a 

length of 0.3km, but this value reaches 510 once the MMF length exceeds 2.5km. 

Moreover, the 2x2 MIMO system average BER is superior to that of the 3x3 MIMO 

system by approximately 110 , even though the 3x3 MIMO system can provide more 

capacity than the 2x2 MIMO system.   
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5.5   Conclusion  
 

In this chapter, an intensity modulation and direct detection MIMO system model was 

built and simulated. Firstly, the optimization of the Gaussian beam spot size and radial 

offset value were studied and their results indicated that the optimized spot size value 

was around 0.4-0.6 times the fundamental mode width. Moreover, the radial offset 

value must be carefully chosen in order to maintain sufficient spatial degrees of 

freedom for the transmitter. The annular detector radius can be determined by 

choosing the appropriate cross points generated from the power flux distribution 

emitted by transmitters.  

 

Secondly, the deterministic IM-DD optical MIMO capacity was obtained by 

employing the channel matrix H. The results show that the capacity increases linearly 

with the number of transceivers and is also affected by the laser spot size. The 

maximum capacity can be achieved when the laser spot size is about 0.6 times the 

fundamental mode width. Continuing to increase the laser spot size, the capacity of 

the 2x2 MIMO system tends to be saturated. However, the capacity is also limited by 

the intra-group mode mixing, which becomes worse in the 3x3 MIMO system.  

 

The two types of receivers were studied, and the annular multi-segment detectors 

proved to be the best choice for the optical MIMO MMF system as the conventional 

multiple-SMF detectors suffer a 2dBm power penalty compared to the annular multi-

segment detectors. The average BER is not only dependent on different bit rates but 

also on the mode mixing effect. The intra-group mode mixing imposed an extra 

0.5dBm power penalty on the optical MIMO MMF system at BER= 910 ; thus, it 

might not restrain the optical MIMO MMF system performance.  
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In addition, the 3x3 optical IM-DD MIMO system is more sensitive to transmission 

length than the 2x2 MIMO system. Although the 3x3 MIMO system can provide more 

capacity, it comes at the expense of greater power penalty and greater sensitivity to 

mode mixing. By using the zero forcing method, the mixed signal at each receiver can 

be separated, but due to the fact that the modal time delay is larger at a longer distance 

the IM-DD MIMO will lose its attraction in long distance networks (i.e. long haul 

networks). The simulations show the potential of this proposed system, indicating that 

the simple design can provide a stable IM-DD optical MIMO system.  
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Chapter 6: Coherent Optical MIMO System  

 
Recently, some experimental works have studied coherent MIMO systems over two or 

three mode FMFs [105, 107, 108, 161]; but in these experiments beam optic or fibre 

optic devices served as mode splitters are needed in both transmitters and receivers, 

this increases the complexity in practical systems. Apart from demonstrations of high 

speed coherent MIMO systems in MMFs or FMFs, the spatial multiplexing and de-

multiplexing schemes have also attracted many researchers. In general, there are two 

types of mode multiplexers: phase plate based mode multiplexers [162] and spot 

based mode multiplexers [163]. Ring launching has become a hotspot in realizing 

spatial transceivers [101, 164]; however, mode converters are still required as extra 

components. Although transmission using two coherent 2x4Gb/s OFDM transmitters 

with centre and offset launching in a 5km long MMF was experimentally 

demonstrated [165], no study has combined radial offset launching and annular 

detectors, which can considerably reduce the complexity at the both transmitter and 

receiver.  

 

The proposed system also relaxes the requirement for coherent MIMO signal 

processing because the degree of complication of coherent MIMO signal processing is 

proportional to the number of guided modes. In addition, no complete simulation 

model for a coherent MIMO system with DPSK modulation format in FMF has been 

reported. In this chapter, based on the prototype of a commercial two mode GI-FMF, 

frequency domain equalization, offset launching and annular detectors, the coherent 

MIMO system is investigated and optimized. The optical DPSK in both heterodyne 

detection and intradyne with phase diversity detection are simulated and compared.   
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6.1   Optical coherent detection 

 
Although the IM-DD system is easy to implement, it has poor receiver sensitivity. The 

better receiver sensitivity, the less required optical power is needed to achieve a given 

BER. However, another disadvantage of IM-DD MIMO system is that it cannot fully 

recover all the electric field signal information, which can be exploited to compensate 

the linear impairments using advanced signal processing [166]. The name coherent 

usually refers to a system in which the optical signal is mixed at the receiver with 

another optical signal generated by a local oscillator, and the combined signal is then 

directed towards a photodetector. The current generated after photodetection is 

centred at an intermediate frequency (IF) that is equal to the difference between the 

LO and the carrier frequency. According to the intermediate frequency value, the 

coherent system is generally defined as either intradyne or heterodyne detection, and 

there is an intradyne detection between them. Coherent detection is also an advanced 

technique that provides high spectral efficiency while maximizing power efficiency 

and allowing information to be encoded in all degrees of freedom [166]. For next 

generation 40 and 100Gb/s systems, coherent detection is the most promising solution.  

 

6.1.1   Coherent detection impairments  

 
Coherent systems provide a huge benefit over traditional IM-DD systems; 

nevertheless, they create several problems for implementation in practical systems.  

 

Amplified spontaneous emission (ASE)  noise 

An optical amplifier (EDFA) is usually employed in long distance systems. 

Consequently, the ASE noise is an important issue in coherent systems. The ASE 

noise can be modelled as an AWGN with a one-sided power spectral density in each 
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polarization, as given by [157]:  

                                                        N= ( 1)spn G hf                            (6.1) 

where G is amplifier gain, hf is photo energy, h is the Planck constant, and f is the 

optical frequency. If  1G  , 
1

2
spn NF  is related to the noise figure (NF). For an 

ideal EDFA the spontaneous emission parameter spn =1. NF is defined as the ratio of 

the SNR at the input of the amplifier to that at the output of the amplifier. ASE 

induced noise consists of two noise sources: spontaneous to spontaneous beating 

noise (ASE-ASE), which is caused by the interference of the spontaneous photos; and 

the ASE-signal beating noise, which is generated by the beating process between 

signal photos and the random spontaneous emission. In a practical system, the ASE-

ASE noise is normally negligible because of its small effect on receiver performance 

compared to the ASE-signal noise. The variance of this noise induced photocurrent 

may be written as [157] :  

 

             2 2 ( ) 4( )Rd in d in dq R GP f R GP N f                  (6.2) 

where dR is receiver responsivity and f is receiver bandwidth.    

 

Polarization state matching 

Due to coherent detection systems requiring the incoming optical signal to be mixed 

with the LO optical signal, it requires the polarization state of LO and the incoming 

optical signal is identically matched. Here, the random fluctuations in polarization 

state induced by temperature and structural changes are all neglected.  
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Laser intensity noise 

The random fluctuations of spontaneous emission will give rise to an unstable laser 

intensity output, and this amplitude noise is called laser intensity noise. However, this 

noise can be compensated by the aid of a balanced receiver. All receivers in the 

following simulated coherent systems use a balanced receiver.  

 

Laser phase noise  

Spontaneous emission not only leads to intensity noise but also imposes phase noise 

in optical laser sources (both LO and transmitter lasers). This phenomenon is due to 

the finite laser linewidth at the laser output that has a frequency spread, resulting in 

the degradation of the receiver sensitivity. This particular noise is more severe in 

phase modulation systems. A Brownian motion model is employed to describe this 

phase noise effect, and the power spectrum of the laser output has a Lorentzian shape 

that is located at the laser centre frequency with a 3dB bandwidth of β. In general, β is 

a combined linewidth of the transmitter laser and LO [167, 168].  

 

 

6.1.2   Optical DPSK coherent detection 

 
This subsection describes the system model of binary optical DPSK in a coherent 

system. Two types of coherent DPSK systems are studied: the heterodyne system and 

the intradyne system with phase diversity receiver. The standard delay and multiple 

receiver structure in conjunction with the balanced receiver is utilized in both systems. 

In comparison to the OOK modulation format, DPSK has a lower OSNR requirement, 

which increases the transmission distance and relaxes the requirements on optical 

power. It is also more tolerant of PMD and chromatic dispersion (CD). Furthermore, 
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the nonlinear effect has a limited impact on the DPSK signal due to a lower peak 

optical power (3dB) compared to the OOK signals [166, 169]. The DPSK conveys 

information in the phase difference between two neighbouring bits rather than the 

instantaneous phase value, and this makes it more robust against phase noise than 

PSK modulation. DPSK also has the advantage of 3dB more receiver sensitivity than 

OOK. As the PIN photodetector only responds to the detected signal intensity and is 

not capable of detecting the phase information, the phase information in DPSK must 

be converted to intensity information for further decision processes [157]. The above 

advantages make DPSK a potential modulation format for future high speed and long 

distance systems.  

 

 

6.1.2.1    Optical heterodyne DPSK coherent detection system model 

 

Data Generator

MZM 
Modulator

FMF/MMF
3dB 

coupler

Delay Tb

Multiplier
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Figure 6.1 Schematic of the optical heterodyne DPSK with the delay and multiply 

receiver, BPF and LPF represent the bandpass filter and lowpass filter, respectively.  
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The input binary signal data needs to be electrically pre-coded by using logical gate 

XOR and then passed through the MZM phase modulator. The operation of XOR 

(exclusive OR) is described by:         1( )k k kP NOT b XOR P               (6.3)                                   

The thk bit of the pre-code data kP  is generated by XOR the thk bit of the original data 

sequence kb and the previous pre-code bit 1kP  . The previous pre-coded bit is produced 

by delay one bit period of the output of XOR gate, which is shown below,  

(Assuming that the initial pre-coded data will be set to 0) 

    i.e. Input pseudorandom binary sequence :  1110101000100111000 

            The electrical pre-coded data becomes: 0   0001100101101111010 

In this simulation a lithium niobate crystal modulator (chirp free single electrode 

MZM modulator) that generates a phase shift of (0, π) is employed. The MZM phase 

modulator has a transfer function which is given by:                      

                 
pre coded data

H cos( )MZM
V

 
                         (6.4) 

where V  is the voltage needed to cause a phase shift of π, which is set to 1 for 

simplicity. When the value of the pre-coded data is “1”, the output of MZM  is “-1” 

(as cos(π)= -1), which indicates a phase shift of π. In contrast, when the value of the 

pre-coded data is “0”, the output of MZM becomes “1” (as cos(0) =1), which 

corresponds to a zero phase shift. 

 

The baseband signal at the input of FMF can be expressed as: 

                            ( ) ( )n b

n

x t I p t nMT                           (6.5) 

The symbol sequence is represented by    0 , 1, 1j j

nI e e    in the DPSK system, 

where bT  is the bit duration, M bT  is the symbol period, and M is the number of bits 
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per symbol. In the NRZ format signal, the optical pulse occupies the entire symbol 

duration, and P(t) is written as:          ( ) b
NRZ

b

E
p t

T
                   (6.6)                          

where bE  refers to the energy per bit.  

 

The two mode FMF contains LP01 and LP11 guided modes, and the modal impulse 

response is described as the superposition of the impulse response on each excited 

mode. In a long distance transmission system, the chromatic dispersion, intermodal 

dispersion, and attenuation effect need to be taken into account, but the nonlinear 

effect and polarization mode dispersion are all neglected. Therefore, the transfer 

function or frequency response of this FMF channel can be defined by modifying the 

Equation 5.16, giving: 

,

2 201, 11
/10 ,

, ,

,

( ) exp( 2 ) 10 expl n

LP LP
L l n

FMF l n l n

l n

D f L
H f f L i

c

  
  

  
     

 
    (6.7) 

where ,l n  is the power coupling coefficient, ,l n is the attenuation for different modes, 

,l n is the group delay per unit length (/1km), D is the chromatic dispersion coefficient, 

and L is the FMF length. It should be noted that the signal at the input of FMF is 

transformed to the frequency domain by Fourier transform in order to multiply the 

transfer function. In other words, the transmitted signal passing through the FMF 

channel is implemented in the frequency domain.  

 

The typical optical heterodyne DPSK receiver contains a local oscillator (LO) and a 

3dB coupler is connected to a balanced receiver. The output photocurrent is then sent 

to a delay loop and is typically delayed by one symbol period. Finally, the upper and 

lower branches are multiplied together at the multiplier. The multiplied current is used 



138 

 

to extract the phase difference between the two neighbouring bits, and the detected 

phase information is then converted to detector signals. In practice, a bandpass filter 

and a lowpass filter will be employed in the system, and the bandpass filter only 

allows the intermediate frequency (IF) components to be passed and attenuates all 

other parts of the received signal. The wideband bandpass filter is exploited and 

followed by “integrate and dump” detection in our system model. The detection of 

DPSK data is carried out by comparing the phase of the multiplied output signal 

[ ( ) ( 1)I t I t  ] with the phase of [0,π]; a binary 1 is detected if the phase is π, and a 

binary 0 is generated when the phase changes to 0.  

 

The mathematical derivation of optical heterodyne DPSK with the integrate and dump 

detection is shown below. 

The received field is defined as:       ( ) ( )exp[ ( ( ) )]r s s cE t A t j t t              (6.8) 

where c is the carrier frequency of the optical signal, A is the amplitude, and 

( )exp[ ( )]s sA t j t  is the low-pass representation of the signal, ( )exp[ ( )]s s sA t j t A    

for DPSK signal. 

 

It is assumed that the polarization of the received field is perfectly matched with the 

local oscillator signal, and similarly, the LO signal field is given by:    

                                  ( ) ( )exp[ ( ( ) )]LO LO LO LOE t A t j t t                        (6.9) 

Both the LO signal and incoming signal will pass through a 3dB coupler, which has  

the following relationship between input and output :  

1 1

1 1

1

2
S 

   
　　　　

                                 (6.10) 

Figure 6.2 shows the 3dB coupler. 
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Figure 6.2  Schematic of the 3dB coupler  

As
2

I R E , the detected currents at the upper arm of the balanced receiver and lower 

arm of the balanced receiver are defined as:  

                                      
2

1( ) ( ) ( )
2

r LO n

R
i t E t E t i                            (6.11) 

                                       
2

2( ) ( ) ( )
2

r LO n

R
i t E t E t i                           (6.12) 

Therefore, the output of the balanced receiver is given as:  

*( ) ( ) ( ) 2 [ ( ) ( )]r LO nI t i t i t R real E t E t i        

       (where * is the complex conjugate operator)                                               (6.13) 

The amplitudes of LO and the incoming signal can be represented in terms of the 

average power, as s sA P  and LO LOA P , respectively, where LOP  and sP are the 

average LO power and average incoming optical signal power, respectively. 

Substituting Equations 6.8 and 6.9 into 6.13 gives:    

                                         ( ) 2 cos[ ]LO s IF s LO nI t RA A t i                           (6.14) 

where IF c LO     is the intermediate frequency and noise ni can be regarded as a 

narrow bandwidth receiver noise; the quadrature noise form is written as:  

                                            ( )cos ( )sinx IF y IFn t t n t t                            (6.15) 

where x yn n are the Gaussian noise with zero mean and standard derivation of n . 

The additive noise at the receiver can be modelled as a two-sided power spectrum 
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density 
2

oN
Gaussian noise.

 
If random phase noise N  is caused by LO and transmitter 

lasers, Equation 6.14 may be rewritten as:  

( ) 2 cos[ ]LO s IF s LO N nI t RA A t i                 (6.16) 

For simplicity, the various noise terms are removed when deriving the mathematical 

expression of detected signal. After detection by the balanced receiver the detected 

current I(t) will pass to a delay and multiplier circuit:  

                                    ( ) 2 cos[ ]LO s IF s LOI t RA A t                           (6.17) 

The phase in the LO remains at a constant value; thus, the useful information is the 

phase difference between s and 1s  , and the phase term LO can be neglected.  

 

After the first two bits have been successfully received, for a proper demodulation, 

the IF carrier frequency must be an integer multiple of the symbol frequency (i.e.

2
IF

k

T


  , where k is a positive integer); in other words, the phase term will be 

varied by an integer multiple of 2 . If the first input signal and delayed or reference 

signal have the same phase “0”, then:   

           

 1( ) 2 cos 2 cos

( ) 2 cos 2 cos

0

LO S IF s LO S IF

delay LO S IF delay LO S IF

s delay

I t RA A t RA A t

I t RA A t RA A t

when both

  

  

 

  

    

 

           (6.18) 

After the multiplier and integrator , the output becomes:  

              2 2 2 2 2 2 2

1

0

4 cos ( ) 2

T

lo s IF lo sS R A A t dt R A A                             (6.19) 

Hence, the decision bit “0” is recovered. For the next bit interval “T”, the new input 

signal now changes to: 

    2 2 2( ) 2 cos 2 cos ,LO S IF LO S IFI t RA A t RA A t when                (6.20) 
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The previous signal 1( )I t  becomes a delayed signal, and the output is thus:  

            2 2 2 2 2 2 2

2 2 1

0 0

( ) ( ) 4 cos ( ) 2

T T

lo s IF lo sS I t I t R A A t dt R A A              (6.21)  

A decision “1” is recovered (phase difference    ) as a negative output has been 

detected. Continuing this process, all the detected sequences can be obtained. For a 

balanced detection optical DPSK system, the BER is defined as [157]:  

                                           
2

1
exp

2 2

bE
BER



 
  

 
                            (6.22) 

where bE  is the energy per bit, and  is the zero mean Gaussian distributed noise 

variance. Due to its ability to greatly reduce the computation time when counting the 

bit error rate, the Q factor BER estimation method is utilized. However, in a DPSK 

system, the direct use of the conventional Q factor used in OOK is no longer reliable 

because of the non-Gaussian nature of the noise distribution in the output signal of the 

balanced receiver. However, it is helpful to evaluate Q in the signal phase domain 

when phase noise is included. Much research has acknowledged this problem and 

proposed an alternative differential phase Q factor [170-173]. The differential phase 

denotes the phase difference between two sampling points separated by the bit period 

in the range of
3

[ ]
2 2

 
 . The Gaussian noise at the centre of each bit with a 

differential phase Q factor is defined as [173]:   

                    
,0 ,

0.87
Q 

  



 


 




                          (6.23) 

                   ( )
2

Q
BER erfc


                               (6.24) 
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6.1.2.2    Optical intradyne DPSK coherent detection system model 
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Figure 6.3   Schematic of the optical intradyne DPSK phase diversity receiver 

 

In this system, a 90 degree hybrid is used, resulting in two ports after photodetection. 

These two received electrical signals are filtered by lowpass filters before being 

passed through a delay and multiply circuit. The two arms signals are then 

demodulated to the baseband and finally combined together, as shown in Figure 6.3. 

The 90 degree optical hybrid is shown in Figure 6.4 and its transfer function is given 

as:  

                                                        

1 1

11

1 12

1

j
S

j

 
 
 
 
 

 

                               (6.25) 
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,s LOE E are the electrical field of received signal and LO signal, respectively. By 

using the balanced receiver at both the real and imaginary parts, the signals at the four 

output ports are written as:  

                                                

1

2 1

3 2

4

s LO

s s LO

LO s LO

s LO

E EE

E E jEE
S

E E E E

E E jE

  
                
  

   

              (6.26) 

where E1 and E3 denote the signals detected by the upper arm of balanced receiver, 

and E2 and E4 are the signals detected by the lower arm of the balanced receiver. As 

the current is proportional to power, 
2

I R E  , thus, for the upper arm case, the 

output current is given by:  

                                       
2 2 *1 3R R R

s LOI I I R E E R E E 
        
 

       (6.27) 

                            and           
exp[ ( )]

exp[ ( )]

s s s s d sNoise

Lo LO LO lo loNoise

E A j t

E A j t

  

  

     

    
                (6.28) 

where sNoise  and loNoise  are the phase noise in the LO and transmitter laser, 

respectively, s  and LO  are the initial phase of the optical incoming signal and LO 

signal, respectively, and d  is the modulation phase 0or in DPSK.   

             

exp[ ( )]

0,

exp[ ( )]

R

LO s s lo s LO sNoise loNoise d

s lo

R

LO s s LO sNoise loNoise d

I R A A j t t

as thus

I R A A j

     

 

   

          

 

        

  (6.29) 

If ,s LO sNoise loNoise        ,   
cos( )R

LO s dI R A A     
                       (6.30)  

Similarly, the current in the lower arm case is given as:  

sin( )I

LO s dI R A A                              (6.31) 

Both the currents will pass through a delay and multiply circuit, thus:  



144 

 

        
1

1

2 2 2

1

2 2 2

1

( ) ( 1) cos( ) cos( )

( ) ( 1) sin( ) sin( )

t

t

R R R

LO s d t d

I I I

LO s d t d

I I t I t R A A

I I t I t R A A









           

           
          (6.32) 

It is assumed that the frequency drift and phase noise change slowly compared to the 

signal bit rate; thus, 1t   and:  

                   
1

1

2 2 2

2 2 2

( ) ( 1) cos( ) cos( )

( ) ( 1) sin( ) sin( )

t

t

R R R

LO s d d

I I I

LO s d d

I I t I t R A A

I I t I t R A A





           

           
    (6.33) 

In a DPSK system the relationship of the modulation phase between two neighboring 

bits is either 0 or π, and it is given below: 

                                              
1

0
t

d

d

d

or





  
 

 
 
   

                                 (6.34) 

Substituting Equation 6.34 into Equation 6.33, the current at the upper arm simplifies 

to:  

2 2 2 2 2 2 2

2 2 2 2 2 2 2

cos( ) cos( 0) cos ( ) "0"

cos( ) cos( ) cos ( ) " "

R

LO s LO s

R

LO s LO s

I R A A R A A for phase change

I R A A R A A for phase change

  

    

         

          

where d   .                                                                                  (6.35) 

At the lower arm, the current is given by:  

2 2 2 2 2 2 2

2 2 2 2 2 2 2

sin( ) sin( 0) sin ( ) "0"

sin( ) sin( ) sin ( ) " "

I

LO s LO s

I

LO s LO s

I R A A R A A for phase change

I R A A R A A for phase change

  

    

         

          

                                                                                                                         (6.36) 

Subsequently, combining the signals in both arms yields the final expression:  

  
2 2 2

2 2 2

"0"

" "

LO sR I

LO s

R A A Noise for phase change
I I I

R A A Noise for phase change 

   
    

     

          (6.37)  

The decision variables in the phase diversity DPSK receiver are 2 2 2

LO sR A A    when

1
0,

td d 


   . Therefore, the DPSK phase diversity receiver has the same 

performance as the DPSK heterodyne receiver.  
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6.2   Simulation of coherent optical DPSK MIMO in few    

        mode fibre  

 
A complete analytical model of a coherent 2x2 optical MIMO system over FMF with 

radial offset launching and an annular detector was built. With this model, we 

transmitted 2x10Gb/s NRZ-DPSK signals over two mode graded index FMF. The two 

mode GI-FMF (LP01, LP11a and LP11b are two degenerated forms of the LP11 mode) 

is adopted in the following simulation with the specifications shown in Table 6.1 [174, 

175].   

Core diameter (μm) 12 

GI-FMF index profile 2 

Numerical aperture (NA) 0.17 

Cladding diameter 125 0.7  

Refractive index difference (Δ) 0.37 % 

Attenuation all modes (dB/km) 0.2 

Chromatic dispersion (ps/km/nm) LP01=19.9;   LP11=20 

DMD (ps/km) 0.2 

Table 6.1 Parameters of the graded index two mode FMF used in the simulation at a 

wavelength of 1550nm, DMD is defined as 
11 01

1/ 1/g gV V , where 
11gV and 

01gV are the 

group velocities of the 11LP and 01LP modes, respectively, and the two mode GI- FMF 

normalized frequency is in the region of 2.5 4.5V  [174].  

 

In this 2x2 coherent optical MIMO system, modal dispersion, chromatic dispersion, 

mode dependent loss and intra-group mode mixing are all considered. We assume that 

all modes have the same attenuation and the nonlinear effects are neglected. In 

addition, we further assume that the laser linewidth is not considered. The channel 

matrix of such a system is given in Equation 6.7, while the relationship between the 

two input signals and two output signals is illustrated in Figure 6.5.  
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Figure 6.5 The 2x2 optical MIMO signal transmission in a two mode GI-FMF, S1 and 

S2 are the two input signals, R1 and R2 are the two received signals.  

 

In Figure 6.5, each receiver will receive all the signals from both transmitters. The 

different annular receivers can be determined by an inner radius and outer radius. 

Figure 6.6 shows a schematic of the simulation procedures used to simulate the 

coherent optical MIMO model. In the simulation, the MIMO channel matrix H is 

estimated by initially sending two individual training sequences and evaluated the in 

frequency domain. After obtaining the estimated channel matrix H , a simple zero 

forcing technique in the frequency domain is used in MIMO signal processing. This 

step is necessary to compensate all linear impairments that result from the mutual 

effects of the propagation modes.  
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Figure 6.6   The simulation procedures of a coherent optical MIMO in a two mode 

GI-FMF system 

 

For a coherent MIMO system, full signal information can be detected, including the 

amplitude and phase. Therefore, the optimization of transceiver design should 

consider the DMD effect caused by modal dispersion and the power coupling 

coefficient. In order to keep sufficient diversity of the two transmitted signals, we 

select a radial offset value of 4μm; hence, the launching conditions are 0 and 4μm. In 

the two mode FMF the radial offset launching will excite all modes, which results in a 

modal dispersion and causes ISI. To minimise this effect, we can make the difference 

in power coupling coefficient between these two modes as large as possible. The 

principle behind this strategy is that the multimode fibre channel frequency response 

relies on the LP mode power coupling coefficient, as shown in Equation 2.64; 

meanwhile, the channel diversity gain may also be affected by the DMD and power 

coupling coefficient. Thus, both the amplitude part and the phase part of the channel 

frequency response will affect the optimization. The following Tables 6.2-6.3 show 

the variation in the calculated power coupling coefficients with different laser spot 
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sizes under the two launching conditions.   

Laser spot size (μm) Normalized power 

coupling coefficient 

LP01 mode 

Normalized power 

coupling coefficient 

LP11 mode 

1 0.3951 0 

2 0.8892 0 

3 0.9964 0 

4 0.8812 0 

Table 6.2   Power coupling coefficients for LP01 and LP11 modes with various laser 

spot sizes when offset value =0 μm 

 

 

Laser spot size (μm) Normalized power 

coupling coefficient 

LP01 mode 

Normalized power 

coupling coefficient 

LP11 mode 

1 0.0664 0.2110 

2 0.2340 0.4160 

3 0.3883 0.3439 

4 0.4557 0.2024 

Table 6.3   Power coupling coefficients for LP01 and LP11 modes with various laser 

spot sizes when offset value =4 μm 

 

It is very noticeable that the laser spot size of 1μm will produce the largest power 

coupling coefficient difference under the radial offset launching condition. In practice, 

optic lenses can be employed to launch this small laser spot onto the FMF. The 

annular multi-segment detectors can be characterised by a radius deR ; hence, the two 

annular detectors can be designed by carefully optimizing deR (receiver one= 0 deR , 

receiver two = 6deR m ). The subsequent optical heterodyne DPSK MIMO 

simulations evaluate the deR and the optimized value can be analysed by comparing 

the estimated BER with different values of deR . 

 

 

 

 



149 

 

6.2.1   Optical heterodyne DPSK MIMO system  
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Figure 6.7 Optical DPSK heterodyne MIMO with delay and multiply detection in a 

two mode GI-FMF, the blue dotted line represents the MIMO equalization process. 

 

Figure 6.7 illustrates the simulation of the 10Gb/s 2x2 coherent optical DPSK 

heterodyne MIMO system in a two mode GI-FMF. The single mode CW laser 

(1550nm) is split into two arms and modulated by two Mach-Zehnder modulators. 

The modulators are driven with two pseudorandom bit sequences with lengths of 

232 1 and 32 samples per bit. The data rate is set to 10Gb/s, producing a total data 

rate of 20Gb/s, and the input signal power at the two arms remains equal. We assume 

that there is no correlation between these two data streams. Two small Gaussian laser 

spots (1μm) are launched into GI-FMF with 0 m  and 4 m  radial offset from the 
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fibre axis and selected to assign the two signals to different LP modes. Therefore, two 

channels are created, one containing the LP01 mode, and the other consisting of the 

LP11 and LP01 modes. Noise in this system is modelled as a Gaussian noise and 

added to balanced receivers, as given in Equation 6.15. Since the IF signal is detected 

in heterodyne systems, it is necessary to convert the IF band signal to a baseband 

signal to proceed with the MIMO channel estimation by comparing the baseband 

signal in frequency domain at both the transmitter and receiver. For this reason, 

another electrical oscillator followed by a lowpass filter is utilized to down-convert 

the IF signal to a baseband signal. As noise effects significantly impact channel 

estimation, we neglect them during the channel estimation process. Subsequently, all 

signals will be recovered by MIMO equalization (zero forcing method), at which 

point they are ready for the decision process. Table 6.4 shows the system parameters 

used in the simulation. 

Bit rate 10 Gb/s 

Averaged input optical power 1e-3 W 

Modulation format DPSK 

CW laser wavelength 1550nm 

PBRS sequence length 232 1  
FMF fibre length 5 km 

Sampling rate 320  GHz 

IF value 3*bit rate 

Filter type (LPF, and BPF) Ideal filters 

Channel estimation Ideal channel estimation without noise 

 

Table 6.4   The optical heterodyne DPSK MIMO system simulation parameters 
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Figure 6.8 BER of receiver one of the 2x2 optical heterodyne DPSK MIMO system 

with an FMF length of 5km, launching conditions of 0 and 4μm, data rate of 10Gb/s, 

and spot size of 1μm.  

 

Figure 6.8 shows the estimated BER as a function of OSNR when the different deR is 

chosen. The OSNR of receiver one (Rx1) at BER= 910 increases with detector radius 

deR ; an OSNR penalty of approximately 1dB is incurred when deR increases by 1μm. 

In contrast, for receiver two (Rx2), OSNR decreases with increasing deR  at BER=

910 , and the difference in OSNR (5dB) between deR =1 and 5μm is more than twice 

as large as that of receiver one. This indicates that receiver two is more sensitive to 

the annular receiver radius. The results for receiver two are shown in Figure 6.9.  
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Figure 6.9 BER of receiver two of the 2x2 optical heterodyne DPSK MIMO system 

with an FMF length of 5km, launching conditions of 0 and 4μm, data rate of 10Gb/s, 

and spot size of 1μm.  

 

The desired optical MIMO system has a system configuration that can achieve the 

same performance at all receivers. Moreover, from previous studies on mode division 

multiplexing we know that mode mixing and DMD are the two key factors that 

increase the complexity of optical MIMO signal processing. Hence, a compromise 

must be made when selecting the deR of both receivers. The optimization of receiver 

two is considered as a priority; therefore, deR =5μm is chosen as the optimized choice 

when using radial offset launchings of 0 and 4μm. In order to verify this system, a 

comparison between the estimated channel matrix and actual channel matrix is needed. 

If the estimated channel matrix and actual channel matrix have a high degree of 

similarity, therefore it will provide reliable results of the simulated model. Such a 

comparison can be made by sending only one training sequence to the SISO GI-FMF 
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system (with a 4μm radial offset launching and a 1μm laser spot size). The results are 

shown in Figure 6.10.  

 

(a) 

 

(b) 

Figure 6.10 Comparison of the estimated SISO GI-FMF channel matrix and the actual 

SISO GI-FMF channel matrix when noise is not included: (a) the amplitude of H and 

(b) the phase of H. 

 

The results show a good agreement between the estimated channel matrix and the 
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actual channel matrix. This proves the accuracy of our channel estimation along with 

the system model itself. Furthermore, comparing the transmitted and received data is 

another way to verify the system model. Thus, a 10Gb/s 2x2 MIMO system with an 

optimized transceiver design (radial offset=0 and 4μm ,
deR =5μm ) is simulated, and 

the results are given in Figure 6.11.   

 

Figure 6.11 Transmitted and recovered waveforms for the 10Gb/s 2x2 coherent 

optical MIMO system without noise 

 

Figure 6.11 shows the transmitted and recovered waveforms. The recovered 

waveform coincides with the transmitted waveform, further confirming the stability 

and accuracy of our simulated system model. Following the successful verification of 

this system model, we can now evaluate the overall system performance with various 
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system parameters. Figure 6.12 refers to the estimated BER by using the optimized 

system configurations.  

 

Figure 6.12 The 2x2 optical heterodyne DPSK MIMO system BER with an FMF 

length of 5km. The launching conditions are 0 and 4μm. At the receiver multi-

segment annular detectors are used with deR =5μm. Symbol EQ stands for the MIMO 

equalization, and the data rate is 10Gb/s. 

 

In centre launching the fundamental mode LP01 is excited so that there is no modal 

dispersion in the channel. Hence, receiver one gives a good result, as shown in Figure 

6.12. It can be seen that the difference in OSNR between the two receivers at BER=

910  is distinct and corresponds to an OSNR penalty of nearly 1.5dB. This is 

explained by the occurrence of modal dispersion in channel 2, which gives rise to a 

degradation of the receiver performance. Moreover, the difference may also be 

attributed to the higher chromatic dispersion caused by the higher order mode (LP11) 

compared to the fundamental mode (LP01) in channel 1. Comparing with the back-to-

back result, the OSNR penalties are 5.2 and 6.7dB for receivers one and two, 
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respectively. An example of the BER sensitivity to OSNR is shown in Figure 6.13, 

which presents an eye diagram of the real value of the recovered DPSK signal after 

MIMO equalization at both receivers. The eye diagram is generated over two symbol 

time intervals (with 32 samples per symbol) and repeated 100 times. The results 

indicate that eye-closure degradation is observed at smaller OSNR.  

Figure 6.13 Eye diagrams at different receivers with OSNR=14dB and 20dB, FMF 

length=5km, and data rate=10Gb/s: (a) receiver one with OSNR=14dB, (b) receiver 

two with OSNR=14dB, (c) receiver one with OSNR=20dB, (d) receiver two with 

OSNR=20dB. 
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Figure 6.14 BER versus OSNR at different transmission distances /L (1km, 3km, 5km, 

8km, 10km) for both receivers at a data rate of 10Gb/s. 

 
MIMO equalization in the frequency domain can largely reduce modal dispersion 

effect caused by a long distance transmission, and the results are shown in Figure 6.14. 

In addition, there is no evident change in the receiver BER with increasing 

transmission distance, so we can conclude that the advanced coherent MIMO signal 

processing can fully compensate all linear impairments. From the preceding equation 

of FMF frequency response (Equation 6.7), we know that frequency response not only 

depends on the modal dispersion, chromatic dispersion and attenuation, but also on 

the power coupling coefficient from the light source to the individual mode. A 

comparison of the power coupling coefficients of the two modes with full BER 

analysis is given in Figure 6.15, in which 11 10     characterises the percentage 

difference in the power coupling coefficient.  
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Figure 6.15 BER versus the difference in power coupling coefficient ( ) of receivers 

one and two for L=5km and data rate=10Gb/s 

 

In Figure 6.15, receivers one and two require an additional OSNR to keep the BER at  

310  level when the power coupling difference is reduced. This effect is most 

pronounced around  =5%, where at a BER above 310  the system is unable to 

operate correctly even when utilizing the Forward Error Correction (FEC). Analysis 

of the impact of power coupling difference reveals that the larger the power coupling 

difference, the smaller BER can be achieved. The results also verify the correct choice 

of spot size of 1μm, as it produces a large power coupling difference (more than 65%). 

Therefore, we have learned that increasing the power coupling difference is essential 

to enable the system to work appropriately. In addition, this larger power coupling 

difference can be realised with either the aid of a small laser spot or by changing the 

radial offset condition. Due to the relatively small diameter of FMF, the smaller laser 
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spot size seems to be the most promising solution. The difference between the power 

coupling coefficients of the LP01 and LP11 modes during transmission may also be 

affected by inter-group mode mixing, resulting in significant system degradation in a 

long haul optical MIMO system. In other words, avoiding mode mixing between these 

two modes is the primary task in the FMF design. In order to determine the dominant 

limiting factors in this 2x2 coherent MIMO system, we need to recall the channel 

matrix equation H, which is defined as:  

 ,

2 201, 11
/10 ,

, , , ,

,

( ) exp( 2 ) 10 expl n

LP LP
L l n

i j FMF l n l n l n

l n

D f L
H f f L i

c

  
   





 
     

 
      (6.38) 

where ,l n  is the receiver detection coefficient of the thi  receiver, and ,l n is the power 

coupling coefficient for different LP modes. 

 

From the above equation, we know that four factors could lead to channel degradation: 

chromatic dispersion, modal dispersion, power coupling coefficient, and detection 

coefficient. Now, a diagonal power detection matrix ,i j is selected to ensure 

sufficient receiver diversity; with the aim of evaluating other limited factors, ,i j  is 

given by: 

                                                     ,

0.7 0.3

0.4 0.6
i j

 
  
 

                                             (6.39) 

The results are illustrated in Figure 6.16. When both modal dispersion and chromatic 

dispersion are involved, and then only modal dispersion occurs, finally the chromatic 

dispersion is assumed to be the only impairment in FMF. From the results the OSNR 

penalty compared to the back-to-back transmission can be obtained numerically and is 

summarised in Table 6.5.  
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Figure 6.16   BER versus OSNR for different channel impairments. B-B is the back-

to-back transmission, CD denotes chromatic dispersion existed only case, MD 

represents modal dispersion existed only case. The simulation data rate is 10Gb/s, and 

the FMF length is 5km. 

 

 

          OSNR 

      Penalty/ dB 

 Neglect 

chromatic 

dispersion effect 

Neglect 

modal dispersion 

effect 

Chromatic 

dispersion and 

modal dispersion 

effect 

Receiver Rx1 5.4 dB 2.4 dB 5.7 dB 

Receiver Rx2 6.9 dB  4   dB 7.2 dB 

Table 6.5  OSNR penalties caused by chromatic dispersion and modal dispersion in 

the 2x2 optical heterodyne DPSK FMF MIMO system for both receivers (Rx1, Rx2) 

compared to the back-to-back transmission at BER= 910  

 

Both receivers have large power penalties when both chromatic dispersion and modal 

dispersion are active in the FMF channel. Chromatic dispersion seems to have a small 

effect on BER; its OSNR penalty is only 0.3dB less than in the case when both 

dispersions are considered. The biggest improvement in OSNR penalty is achieved by 
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neglecting the modal dispersion effect, which improves the OSNR penalty by 

approximately 3.3dB. Thus, we can conclude that modal dispersion is the major 

limiting factor in proposed coherent optical DPSK MIMO system. Respective power 

penalties of 2.4 and 4dB are still incurred at receivers one and two when modal 

dispersion is neglected; thus, receiver diversity seems to be another factor limiting 

system performance. 

 

 
6.2.2   Optical intradyne DPSK MIMO system  
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Figure 6.17  Optical DPSK intradyne MIMO system with phase diversity receiver in a 

two mode GI-FMF 

 

Figure 6.17 shows the simulation model of the optical intradyne DPSK MIMO system. 

Both the real and imaginary parts of the signal are detected separately. The 

performances of the two receivers have been analysed under the assumptions and 

parameters used in the previous simulation, with the exception of the absence of a 

bandpass filter because the received signal is already in baseband. The system has 
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been simulated under the assumption that intensity noise is neglected. The numerical 

results indicate BER as a function of OSNR at both receivers (Figure 6.18). In Figure 

6.18, the two receivers exhibit a similar response to BER with varying OSNR, and 

there is no significant difference between this intradyne phase diversity MIMO 

system and the previous heterodyne MIMO system. 

 

Figure 6.18 The 2x2 optical intradyne DPSK MIMO system with an FMF length of 

5km under launching conditions of 0 and 4μm. Multi-segment annular detectors with 

deR =5μm are used at the receiver. Symbol EQ stands for MIMO equalization, and the 

data rate is 10Gb/s. 

 

The last Figure 6.19 shows the 10Gb/s 2x2 GI-FMF MIMO system using different 

detection methods, which includes optical heterodyne and optical intradyne detections. 

The IM-DD scheme is also implemented for comparison using identical system 

parameters. The results demonstrate the advantage of the coherent optical MIMO 
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system over the IM-DD MIMO system, and the optical DPSK system also extends its 

merit (less 3dB OSNR requirement) to the optical MIMO system. The optical 

heterodyne DPSK MIMO and optical intradyne DPSK MIMO systems can achieve 

the same system performance. 

 

Figure 6.19 Comparison of the IM-DD MIMO system, optical heterodyne DPSK 

MIMO system and optical intradyne DPSK MIMO system in the two mode GI-FMF 

with L=5km and data rate=10Gb/s.  

 

 

6.3   Conclusion  
 
In this chapter, the basic concepts of coherent optical communication systems were 

discussed. We introduced the principle of the optical DPSK by using either a 

heterodyne or intradyne phase diversity detection scheme, and the mathematical 

models of the two detections and the coherent optical MIMO channel matrix were 

discussed. Simulations were performed under various impairments, including modal 
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dispersion, chromatic dispersion, attenuation, and intra-group mode mixing, and the 

BERs were evaluated as a performance metric.  

 

A simple 2x2 optical DPSK coherent MIMO model in FMF using conventional radial 

offset selective launching in conjunction with annular multi-segment detectors was 

designed. MIMO equalization in the frequency domain compensated all linear 

impairments in the FMF. As FMF is a new type of multimode fibre with a design that 

relies on the normalized frequency (V), a two mode (LP01 and LP11) graded index 

few mode fibre can be designed and utilized as the transmission medium in our 

coherent optical MIMO system by precisely controlling the parameter V. 

 

In addition, an optimization method to enhance the system and restrict the crosstalk 

between the two receivers was demonstrated. In contrast to the IM-DD optical MIMO 

system, the coherent optical MIMO optimization must consider the trade-off between 

sufficient spatial diversity at the transceivers and the DMD caused by modal 

dispersion. To minimise the interference between two channels, the optimization of 

laser spot size appears to be very useful; this makes the power coupling coefficient 

difference between the LP01 and LP11 modes very large, resulting in a more relaxed 

requirement for the modal dispersion effect. The simulation results showed that the 

proposed coherent optical DPSK MIMO performance at receiver one was more stable 

than at receiver two since only the fundamental mode was excited at zero offset 

launching; meanwhile, receiver one had more immunity to chromatic dispersion and 

modal dispersion, although it was still limited by the receiver spatial diversity. On the 

other hand, receiver two was very sensitive to modal dispersion. The OSNR penalty 

difference between the two receivers was approximately 1.5dB compared to the back-
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to-back result at BER= 910 . The simulations also demonstrated that the optical 

heterodyne DPSK MIMO and optical intradyne DPSK MIMO systems have the same 

MIMO system performances. 

 

Lastly, the optical heterodyne and intradyne DPSK MIMO systems are superior to the 

conventional IM-DD MIMO system due to the lower OSNR (approximately 3dB ) 

requirement at BER = 910 .  
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Chapter 7: Conclusions and Future Work 

 

 
 7.1   Conclusions 

 
Due to the rapid development of high speed Internet and LANs in recent years, it is 

imperative that the next generation of networks have greater transmission bandwidth, 

longer transmission distance, higher transmission speeds and the full ability to 

maximize the spectrum efficiency. On account of their sufficient spatial resources 

multimode fibres have once again become a research hotspot in high speed optical 

networks. However, the modal dispersion seriously limits their usage and makes 

multimode fibres impractical in high speed transmission networks. To overcome this 

bandwidth bottleneck, optical MIMO appears to be a most promising technique for 

future networks. This thesis proposed a simple optical MIMO MMF system using 

conventional intensity modulation direct detection or more advanced coherent 

detection schemes. The results indicate the feasibility and high efficiency of optical 

MIMO, which can be implemented in both short distance MMF systems and long 

distance FMF systems. Our proposed method can largely reduce the system 

complexity, energy consumption and cost, and make it more suitable for integration, 

while maintaining a performance similar to those achieved by mode division 

multiplexing systems without the use of active devices. In brief, this method has been 

realised by conventional radial offset launching in conjunction with annular multi-

segment receivers. This design exhibits good performance in a 10Gb/s system and  

can now be employed in long distance coherent MIMO systems.  

 

In order to illustrate the principle of an optical MIMO system, we first briefly 

introduced the basis of MMF, and the transmission impairments were analysed 
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theoretically by performing a mathematical model of MMF frequency response. We 

then simulated the guided mode propagation along with the MMF. The NFP at the 

output facet of MMF was simulated and analysed in Matlab both with and without 

intra-group mode mixing. The differential mode attenuation, power coupling 

coefficient, and modal dispersion were all identified and discussed. According to the 

spatial position of the NFP under various radial offset launchings, a more efficient 

annular detector was designed. Before the formal presentation of the optical MIMO 

system it was vital to study the general MIMO structure, which consisted of MIMO 

channel estimation, MIMO channel matrix H, MIMO equalization, and MIMO 

capacity. In the proposed method, channel estimation in the frequency domain was 

carried out by sending training sequences followed by applying the zero forcing 

equalization method. The condition number and receiver crosstalk indicated the 

superior performance of annular multi-segment receivers compared to conventional 

single mode fibre detectors, and from these results, the optimal number of transceivers 

was determined.  

 

After providing the necessary foundation of the optical MIMO system, an intensity 

modulation and direct detection MIMO system in MMF was modelled.  The IM-DD 

MIMO system optimization was implemented by adjusting the laser spot size and 

carefully choosing the appropriate radii of annular detectors based upon the cross 

points generated from the power flux distribution emitted by all transmitters. 

Meanwhile, the best performance was achieved when the laser spot size was 0.6 times 

the fundamental mode width, and the deterministic MIMO capacity results confirmed 

this optimal value. Annular multi-segment detectors exhibit a 2dBm less power 

penalty compared to SMF detectors. In addition, the results revealed that the average 
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BER not only relied on the data rate, but also on the intra-group mode mixing, even 

though the power penalty at BER= 910  was only 0.5dBm; therefore, we concluded 

that the intra-group mode mixing had a limited effect on system performance. 

Although the 3x3 MIMO system provided more capacity, it came at the expense of 

greater power penalties, more susceptibility to intra-group mode mixing, and more 

sensitivity to transmission length. Lastly, the IM-DD optical MIMO system was not 

suitable for long distance networks as it lacked the ability to compensate linear 

impairments such as modal dispersion and chromatic dispersion.  

 

In chapter 6, the combination of few mode fibre (FMF) and coherent DPSK in a 2x2 

10Gb/s optical MIMO system was simulated, and both heterodyne DPSK and 

intradyne DPSK systems were simultaneously studied using mathematical models. 

The DPSK seems to be a promising candidate for future long distance and high speed 

systems due to its high tolerance to nonlinear effects, insensitivity to random phase 

noise compared to the phase shift keying modulation format, and less stringent 3dB 

OSNR requirement compared to on-off keying (OOK) systems. The few mode fibre is 

the physical basis in coherent optical MIMO systems, thus, a two mode graded index 

few mode fibre was designed and used as the transmission medium. Thereafter, the 

channel matrix H was redefined by accounting for chromatic dispersion, modal 

dispersion, mode attenuation, the mode power coupling coefficient, and the power 

detection coefficient at the thi  receiver. The system performance metric BER was 

estimated, and the results indicated that the frequency domain equalization almost 

compensated all linear impairments in the FMF and made the coherent MIMO system 

independent of transmission distance up to 10km in the absence of inter-group mode 

mixing. Using the proposed design, the 2x2 heterodyne DPSK MIMO system and the 
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2x2 intradyne DPSK MIMO system with phase diversity reception achieved a similar 

performance, but the receiver two suffered an extra 1.5dB OSNR penalty compared to 

receiver one because the LP01 and LP11 modes were both excited in channel 2.  

 

Next, the coherent DPSK MIMO system was optimized by considering the trade-off 

between sufficient spatial diversity at the transceiver and the DMD caused by modal 

dispersion. The solution could be found by maximising the difference in the power 

coupling coefficient between these two modes by narrowing the laser spot size when 

the radial offset launching was applied.  

 

The numerical results also demonstrated that modal dispersion seemed to be a 

dominant source in coherent optical MIMO systems. This affected our proposed 

coherent DPSK MIMO system performance because receiver one was more stable 

than receiver two due to the fact that only the fundamental mode was excited in FMF. 

In summary, the proposed low complexity design can achieve a reasonably good 

system performance in both short distance IM-DD MMF MIMO systems and long 

distance coherent DPSK FMF MIMO systems, which proves the feasibility of the 

implementation of this system in high speed optical fibre systems.   
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 7.2   Future work  

 
The theoretical and simulation studies have provided us with a comprehensive tool to 

aid further research into the optical MIMO in the MMF system. On this basis, the next 

phase of our work or the potential research directions will be discussed in the 

following section. 

 

From the results on coherent optical MIMO systems, we have learned the major 

limiting factor in such systems is modal dispersion. Hence, the design and fabrication 

of a FMF with low DMD, low mode mixing, and larger effective area is a primary 

concern. In addition, the multiplexing of optical orbital angular momentum modes in 

ring fibres using the proposed system configuration may be another valuable research 

direction. 

 

There is another selective launching scheme that may be seen as promising, in which 

a single mode fibre connected with hollow fibre is used to generate annular shape 

modes, called a ring launching scheme[176]. In contrast to the previous radial offset 

launching scheme, this new scheme maintains the receiver transmitter symmetrical. 

Meanwhile, only 0,NLP  modes in multimode fibres can be excited using hollow fibre 

launching. This will relax the requirement on modal dispersion and enhance the 

bandwidth distance product. Furthermore, this scheme may also be implemented in 

the four modes FMF MIMO system, but the disadvantage of this scheme is the extra 

time delay caused by propagation through the hollow fibre. Consequently, this 

selective launching scheme should be carefully exploited in our proposed system in 

order to explore its huge potential.  
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For a longer distance (>100km) system the nonlinear effects cannot be easily 

neglected. The intensity induced nonlinear effects will give rise to self-phase 

modulation, cross-phase modulation, and four wave mixing. Obviously, the nonlinear 

self-phase modulation seems to affect the optical DPSK system. A detailed study of 

nonlinear relations among guided modes is necessary.  

 

In this thesis, intra-group mode mixing was assumed to be the only mode mixing 

factor that had to be accounted for; however, this assumption is unrealistic for long-

haul transmission systems. Thus, a full analysis of inter-mode mixing starting with the 

field coupling model is necessary. Once the complex mode coupling coefficient can 

be numerically solved, a diagonal mode coupling matrix is used to characterise the 

coupling process. The complete system channel matrix H can then be rewritten as a 

product of this coupling matrix and Equation 6.38. An in-depth analysis of mode 

mixing in coherent optical MIMO systems is needed.  

 

Finally, to realise practical systems, experimental work is needed to verify the 

theoretical results. In addition, industrial applications require on chip solutions; hence, 

a practical coherent MIMO system component in FMF is very important.  
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Appendix 

 

(a) Derivation of normalized incident Gaussian beam field equation 

Assuming input Gaussian field is described as:  
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By using the given analytical solution of integration of exponent shown below:               
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 into Equation a.5, then the right hand of Equation a.4 becomes:  
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Finally, the normalized incident electrical field of Gaussian beam is given by:   
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 (b) Derivation of Modal time delay in infinite parabolic index profile 

( 2  ) GI-MMF 

Under the weakly guiding approximation, the modes within same principal mode 

group “q” will propagate through the MMF at the same group velocity, which is 

derived from the scalar propagation constant associated with this mode group.  
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Using the product rule to find the derivatives of product of two functions, it may be 
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For computing
dv

d
, the derivative of the composition of two or more functions can be 

solved by chain rule,          
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therefore,                          
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Simplifying of the Equation a.18: 
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Multiply Equation a.19 and left hand part of Equation a.13 together,                                           
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Similarly, 
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Substituting a.20 and a.21 into a.12,  

                           
qd dv du

u v
d d d



  
     



189 

 

                            =

2

2

1

2

co
co

co

NAn q
n

NAn cq 

 
   

  

 + 
22 co
co

n
NAn cq

c



   

                           =

2

22

co co

co

n NAn q

NAn cq 



 + 

22co
co

n
NAn cq

c



          

                          =

2
2

2
2

2

co co
co

co

n NAn qc
NAn cq

c NAn cq


 

 
   
  

 

                          =

2 2

2

2

2

co co co

co

n NAn qc NAn cq

c NAn cq



 

  
 
  

 

                         =

2

22

co co

co

n NAn cq

c NAn cq



 

 
 
  

                                             (a.22) 

 

 

(c) Derivation of Modal time delay in any index profile   GI-MMF 
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                                               (a.36) 
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