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ABSTRACT 

Design of LP01 to LPlm Mode Converters for Mode Division Multiplexing 

 

Hakim Mellah, Ph.D. 

Concordia University, 2018 

 

Mode division multiplexing (MDM) over few mode fiber (FMF) has been proposed as an 

alternative solution to tackle the capacity limitations of optical networks based on standard single 

mode fiber (SMF). These limitations are caused by the fiber nonlinear effects. MDM is realized 

through excitation of different fiber spatial modes, each mode being an independent transmission 

channel. Therefore, MDM over FMF requires mode conversion (basically from fundamental mode 

to higher order modes and vice versa) as well as mode multiplexing and demultiplexing. 

Mode conversion, multiplexing and demultiplexing can be realized through different 

techniques. It can be achieved using free-space optics based on matching the profile of an input 

mode to the profile of an output mode using phase mask or spatial light modulator. Mode 

conversion and (de)multiplexing can also be achieved using waveguide structures. These mode 

converters and (de)multiplexers are mainly based on optical fiber and planar waveguide, which 

include fiber grating, tapering, lanterns, planar lightwave circuit (PLC), photonic crystal fiber 

(PCF), mode selective coupler (MSC) and Y-junction. It is worth mentioning that more than one 

technique may be applied to realize a specific converter/ (de)multiplexer for a specific mode. 

In general, Mode converters and (de)multiplexers based on free space optics are polarization 

insensitive and wavelength independent, but they result in high insertion loss and are bulky. On 

the other hand, all-waveguide mode converters and (de)multiplexers have high mode conversion 

efficiency (less insertion loss and high extinction ratio) and are compact, but they are wavelength 

dependent. 
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Recently, many research works demonstrate the design, analysis and fabrication of several 

types of mode converters and (de)multiplexers. However, almost all the proposed devices are 

specific to a certain number of modes, therefore, they result in mode-specific designs. 

 

The explosive growth of traffic over telecommunication networks, especially in the access 

networks mandates that more and more modes would be (de)multiplexed to respond to the high 

traffic demands. As a result, proposing a universal mode converter and (de)multiplexer, that can 

convert and (de)multiplex any required number of modes is needed. 

In this thesis, mode converters and (de)multiplexers are thoroughly investigated. A universal 

LP01 to LPlm mode converter and (de)multiplexer is proposed. The mode converter is based on 

tapered circular waveguides and the (de)multiplexer is based on symmetric directional couplers. 

An LP01 to LP02 is first introduced. It consists of a tapered circular waveguide followed by a 

non-tapered circular waveguide. Inside the second waveguide, a circular tapered element is 

inserted. The initial tapered waveguide allows excitation of LP02 mode as well as other LP0m 

modes (m > 2). The second waveguide (comprising the circular section and the inner tapered 

element) is used to make conversion to be mainly from LP01 to LP02. Simulation shows that 

conversion efficiency of almost 100% at the central wavelength of O- S- and C-band, and above 

98% over the S- and C-band is achieved. Moreover, suppression of non-desired higher order modes 

is more than 10 dB over the whole O-, S- and C-band. In particular, suppression is more than 19 

dB over the entire C-band. The analysis also shows that the performance of the mode converter is 

not sensitive to slight variations of the converter’s parameters. In addition, the same converter can 

be used for converting LP02 back to LP01. Further, a (de)multiplexer for an LP02 and an LP01 mode 

is designed using the mode converter combined with a symmetric directional coupler. The 

multiplexer is broadband and has insertion loss less than 0.5 dB over the C-band. 

The proposed design is fabricated by inscribing it in the bulk of a borosilicate glass using a 

femtosecond laser. The converter has an insertion loss of less than 1 dB for the entire C-band and 

a total length of 2.22mm. this fabricated prototype validates the proposed mode converter design. 
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The LP01 to LP02 mode converter structure can also be used to convert to other LP0m mode by 

proper tuning its parameters. After extensive simulations and optimizations, an LP01 to LP0m mode 

converter is proposed. The proposed converter structures are designed not only to provide high 

performances (low insertion losses and high extinction ratios), but also to be able to be fabricated 

by respecting the fabrication requirements (in terms of lengths and refractive indices). As a case 

study, six mode converters, converting LP01 to LP0m, with m = 2 to 7 are reported. The structures 

have insertion losses ranging from 0.1 dB to 2.5 dB. These performance results outperform all 

reported similar mode converters. 

To (de)multiplex the resulting LP0m modes, a (de)multiplexer based on symmetric directional 

couplers is proposed. This kind of devices are easy to design and fabricate and provide low 

insertion loss and cross talk. As an example, the first five modes (LP01 to LP05) are (de)multiplexed 

with an insertion loss less than 2.5 dB and cross talk less than -15 dB at the design wavelength. 

These results outperform the reported results for similar devices. 

The LP01 to LP0m mode converter structure is modified by inserting more inner elements to be 

able to convert to any LPlm mode. Therefore, a universal LP mode converter structure is proposed. 

The number and parameters of these inner elements depend on the desired LPlm mode. For 

instance, structures to convert LP01 to LP11, LP21 and LP31 are provided. These modes require 

between 5 to 6 inner elements with different radii and lengths. The simulation results for these 

three structures shows that an insertion loss less than 1.9 dB and an extinction ratio higher than 10 

dB are achieved for the three modes at the design wavelength of 1550nm. 

Furthermore, the three modes (LP11, LP21 and LP31) are (d)multiplexed using a symmetric 

directional coupler with an insertion loss less than 0.9 dB and a cross talk below -17 dB for the 

three modes at the design wavelength. 

All the parameters of the presented mode converters and (de)multiplexers are designed to allow 

them to be fabricated using 3D femtosecond laser inscription technique. 
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Chapter 1: Introduction 

1.1 Mode Division Multiplexing Systems 

The explosive growth of communication traffic has pushed optical transport networks, which 

are based on standard single mode fiber (SMF), to reach the capacity limits of the SMF due to Kerr 

fiber nonlinearity effect. Even if substantial reduction in losses and nonlinear effects in SMF are 

obtained, it is expected that the resulting increase in the SMF capacity will not be significant[1]–

[4].  

Optical space and mode division multiplexing (SDM/MDM) [5]–[7], a new multiplexing 

dimension for optical fiber links, has received recently increasing attention by the researchers’ 

community as well as the industry players [8]–[11]. It is a promising technique to increase fiber 

link throughputs and overcome the capacity limitations of the SMF and enable the implementation 

of optical multiple-input and multiple-output (MIMO) systems with a single wavelength [12]–

[16].  

SDM transmissions are based on fibers that are supporting multiple spatial modes, which can 

be deployed using few mode fiber (FMF), or based on few core fiber (FCF) [6], [7], [17]–[24].  

In SDM over FCF [25]–[27], suppression of coupling between modes is required to minimize 

the crosstalk. This is achieved by making large separations between cores. However, this 

requirement limits the spatial density of cores and makes the fabrication of such fibers challenging. 

Each core (typically a single mode) is an independent channel; therefore, the capacity of the system 

is scaled with the number of cores inside the same fiber. The performance of SDM over FCF is 

limited by the crosstalk between the different cores and depends also on cores configuration [25], 

[28]–[30].  

In SDM over FMF, i.e. MDM, coupling between modes is permitted, which lowers the 

fabrication requirements but requires the use of some forms of MIMO signal processing at the 

receiver [16]. 
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Figure 1-1. shows a typical block diagram of an optical transmission system using MDM over 

FMF, where six modes are considered as an example. At the transmitter side, six transmitters (e.g., 

lasers) are used; and each one excites the fundamental mode (e.g., the LP01) of a SMF. All 

transmitters use the same wavelength (which simplifies the design). Five of these transmitters are 

connected to mode converters to convert each of the LP01 modes to a higher order mode (here, 

LP11a, LP11b, LP21a, LP21b and LP02) of an FMF. These six modes (having different field profiles 

and/or propagation constants and/or different polarization) are multiplexed (by the MUX) into a 

4-mode FMF. At the receiver side, the demultiplexer (DEMUX) separates the different spatial 

modes. For simplifying the design, each of the higher order mode is converted back to the 

fundamental LP01 mode, so that all the receivers are similar, and then received by six receivers. 

Other functions, such as amplification (using the few mode amplifier FMA) and MIMO 

processing, are also part of the system. Usually, the mode converter and (de)multiplexer together 

are called mode (de)multiplexer, in which the mode conversion is the key for mode multiplexing 

and demultiplexing.  

 

Figure 1-1: Block Diagram of MDM System 

Several experiments have been reported demonstrating the SDM over FMF and FCF. For 

instance, a transmission of six independent (spatial and polarization modes) QPSK signals with 

data rate of 40Gbps over 96km using three-mode fiber was reported in [31]. In another experiment 
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[32], two channels each carrying 100Gbps QPSK signals for 100km over a two-mode fiber was 

demonstrated.  

Despite the complex MIMO and DSP processing at the receiver using FMF and the fabrication 

requirements for FCF, such experiments are more than a proof of concept of the viability of MDM 

over FMF and SDM over FCF and their potentials for long haul telecommunications systems. 

Using FMF for carrying more than one signal (using a single wavelength) requires the use of 

different spatial modes, which are (de)multiplexed at certain points in the link. Higher order modes 

can either be excited directly inside the fiber or result from the conversion of another mode 

(basically the fundamental mode). Therefore, mode conversion (MC) and (de)multiplexing 

(MUX/DEMUX) are very important functions in transmission systems using FMF. The different 

techniques used for mode conversion and (de)multiplexing are presented in the next chapter. 

1.2. Motivations and Contributions 

Mode and space division multiplexing (MDM/SDM) are based on mode converters and mode 

(de)multiplexers. These devices are an integral part of any MDM/SDM system and their 

performances, in terms of insertion loss, extinction ration, size and crosstalk, affect the 

implementation of these systems. 

Most designs of mode converters and (de)multiplexers are based on waveguide structures. This 

type of devices provides low losses and crosstalk and result in small size structures. 

Waveguide-based mode converters and (de)multiplexers tend to be wavelength sensitive, 

which means they can operate in a narrow wavelength bandwidth, however, some design can result 

in a broadband operation. 

In this thesis, the research focuses mainly on the design and analysis of a tapered-based mode 

converter structure that can convert LP01 mode to any LPlm mode. Furthermore, the main 

contributions of this work include: 

1) The design, performance analysis and fabrication of an LP01 to LP02 mode converter 

based on a tapered waveguide structure. The device can operate over the entire C-Band 

(from 1530nm to 1565nm) with an insertion loss less than 0.5dB and an extinction 
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ration above 15dB. These two modes are then (de)multiplexed using symmetric 

directional couplers. 

2) The design and performance analysis of an LP01 to LP0m mode converter and 

(de)multiplexer. The converter structure is based on the LP01 to LP02 structure and the 

(de)multiplexer is based on directional couplers. By choosing the correct structure 

parameter, the desired LP0m mode converter can be obtained. Optimization algorithms 

can be applied to optimize the structure parameters for a desired LP0m mode. 

3) The LP01 to LP0m mode converter structure is further modified to allow conversion from 

LP01 to any LPlm mode. The proposed converter structure can be used as a framework 

and its parameters can be optimized for any desired output LPlm mode. 

1.3. Organization of the Thesis 

In this chapter, a brief introduction about mode and space division multiplexing systems has 

been introduced. The different components of such systems have been briefly stated. The 

motivations and contributions of this research have been outlined.  

In chapter 2, the background and literature review of mode division multiplexing components, 

especially mode converters and mode (de)multiplexers are given. 

In chapter 3, the design, performance analysis and fabrication results of the proposed LP01 to 

LP02 mode converter is presented. The design and simulation results of a symmetric directional 

coupler to (de)multiplex the LP01 and LP02 modes are also provided. 

In chapter 4, an LP01 to LP0m mode converter is designed and its performances are analyzed. 

A mode (de)multiplexer is also presented and its performances are evaluated. 

In chapter 5, a more general mode converter structure is proposed. It can convert LP01 mode 

to any desired LPlm mode. 

In chapter 6, the summary of the research is provided and future works on mode converters 

and (de)multiplexers for mode division multiplexing systems are suggested. 
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Chapter 2: Literature Review 

2.1 Introduction 

Mode division multiplexing (MDM) uses the orthogonal guided optical modes of the few mode 

fibers to carry different optical signals, i.e. one mode corresponding to one optical channel [33]. 

Therefore, mode converters/(de)multiplexers are required at optical transmitters and receivers. In 

other words, mode conversion from fundamental to higher order modes is required at optical 

transmitters, while mode conversion from higher-order modes to the fundamental modes is usually 

required at optical receivers [17].  

Mode converters and (de)multiplexers can be classified into two big classes: free-space optics-

based and waveguide-based (including fiber based). The details of these two classes are outlined 

in the next sections. 

2.2.  Free-Space Optic Mode Converters 

Free-space optic mode converters are based on matching the profile of an input mode to the 

profile of an output mode. This profile matching can be achieved using a phase mask or a spatial 

light modulator (SLM) [34]–[36]. For example, a mode converter and a multiplexer based on liquid 

crystal on silicon (LCoS) spatial modulator were demonstrated in [32]. Figure 2-1 shows the setup 

to convert LP01 to LP11a and LP11b, with about 9 dB conversion loss (insertion loss) and an 

additional 16 dB loss for multiplexing the modes in an FMF.  

 

Figure 2-1: Liquid Crystal on Silicon (LCoS) mode converter [32] 
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Another free-space mode converter and multiplexer using phase plates, beam splitters, mirrors 

and lenses was presented in [31] and shown by Figure 2-2. Phase plate was used to convert each 

of the two linearly polarized LP01 modes (LP01x and LP01y) to two LP11 modes (LP11a and LP11b), 

with high extinction ratio at 1550 nm (higher than 28 dB), and high loss (9 dB for LP01-LP11a 

conversion and 7.8 dB for LP01-LP11b conversion).  

 

Figure 2-2: Mode converter based on phase plate s and lenses [31]. 

Free space mode converters and (de)multiplexers can have the features of insensitivity to 

polarization and independence of wavelength, i.e. they can be broadband. However, their main 

drawbacks are high insertion loss and they result in bulky structures, thus they are difficult to be 

integrated.  

2.3. Waveguide-based Mode Converters: 

Waveguide mode converters and (de)multiplexers are mainly based on optical waveguides 

which can be either circular or planar [7]. They may be realized through several techniques such 

as grating [37], tapering [38], lanterns [39], planar lightwave circuit (PLC) [40], photonic crystal 

fiber (PCF), mode selective coupler (MSC) and Y-junction [41]. It is worth mentioning that more 

than one technique may be applied to realize a specific converter/(de)multiplexer for a specific 
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mode. For example, mode conversion can be based on fiber grating and 

multiplexing/demultiplexing on mode selective optical coupling [42].  

In [43], a mode converter for converting LP01 to LP11 using long period fiber grating (LPFG) 

was proposed and demonstrated. The mode converter is illustrated by Figure 2-3 and the grating 

was obtained by applying a mechanical pressure on the fiber. The converter has 22 dB extinction 

ratio and 1.5 dB insertion loss at 1550 nm, in addition the converter has a very narrow bandwidth 

(13 nm centered at 1551 nm).  

 

Figure 2-3: Mode converter based on Long Period Fiber Grating (LPFG) [43]. 

Using multimode interference, an all-fiber mode converter converting LP01 to LP02 was 

demonstrated, in which a multimode fiber (MMF) is used to interconnect a SMF to an FMF as 

shown in Figure 2-4. The converter has an extinction ratio higher than 55 dB and insertion loss 

more than 1.8 dB at 1550nm (equivalent to less than 66% conversion efficiency) [44].  
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Figure 2-4: Mode converter based on multimode interference (MMI) [44] 

Silicon based asymmetrical directional couplers were also proposed and demonstrated to 

convert and multiplex eight guided modes (TEi and TMi, i=0…3) [45]. The multiplexer chip has 

low excess loss (0.5 dB) and high extinction ratio (20 dB) at the central wavelength of 1555 nm, 

in addition to that the structure has a coupling loss of 12 dB to couple from the chip to the fiber.  

Mode conversion and multiplexing based on optical coupling were investigated theoretically 

in [46]. A two-mode multiplexer using optical coupling was demonstrated [47], and it was shown 

that a broadband (1500-1600 nm), low insertion loss (0.3 dB) and high extinction ratio (36 dB) 

can be obtained. The multiplexer is composed of two parallel rectangular waveguides. Two optical 

modes (even and odd) are injected at the input, one on each waveguide. In the multiplexing region, 

the two waveguides are separated by a gap (G) as shown in Figure 2-5. 
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Figure 2-5: Mode converters based on optical coupling [47] 

Using Silicon grating couplers, a six-polarization mode multiplexer (LP01x, LP01y, LP11ax, 

LP11ay, LP11bx and LP11by), was demonstrated, showing broadband operation with high insertion 

loss (23 dB) [48].  

Using cascaded optical fiber couplers, low insertion loss mode conversion and multiplexing 

for LP01, LP11, LP21 and LP02 were achieved [49]. Similarly, a two-mode multiplexer (for TE0 and 

TE1) based on an asymmetrical coupler was analyzed using plasmonic waveguide as shown in 

Figure 2-6, with features of broadband (100 nm), low insertion loss (0.35 dB), and high extinction 

ratio (17 dB) [50].  
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Figure 2-6:  Two mode multiplexer based on asymmetric coupler [50] 

Silica based planar lightwave circuits (PLC) have been also used to design and fabricate mode 

converters and multiplexers, such as the works introduced in [51] and [52] illustrated in Figure 

2-7, where two and three mode multiplexers for the C-band were demonstrated using asymmetrical 

couplers respectively.  

 

Figure 2-7: Silica based planar lightwave circuit (PLC) [51] 

In [51], two modes (LP01 and LP11) were multiplexed through directional couplers. The 

multiplexer has an insertion loss less than 0.5 dB over S, C and L bands, with 2.5 dB extra loss 

due to mode field diameter mismatch between the circular fiber and the rectangular waveguide. In 

[52], three-mode (LP01, LP11 and LP21) multiplexer was designed using parallel waveguides for C-

band. Conversion is achieved through matching effective index of one mode in one waveguide to 
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the other mode in the other waveguide, achieving conversion efficiency higher than 90% over the 

C-band with a high insertion loss of 10 dB for the LP21 mode.  

All-waveguide mode converters can also be realized using optical tapers, photonic crystal 

fibers, optical Y-junctions or optical lantern structures [53]–[65]. For instance, based on tapered 

submicron silicon ridge optical waveguide, mode conversion from TM0 to TE1 and TE3 was 

proposed and demonstrated in [59]. It was shown that the converter has a high conversion 

efficiency (more than 90%). However, interfacing to a circular waveguide such as fiber may result 

in high insertion loss.  

In [60] and [61], the design and fabrication of a mode (de)multiplex based on all-waveguide 

tapered mode-selective couplers was presented. The fabrication of such a mode (de)multiplexer 

was using femtosecond laser direct-write technique. The (de)multiplexer can be used in a wide 

bandwidth (more than 400nm from 600nm to 1000nm) with a low insertion loss (below 2dB) and 

high extinction ration (above 20dB). Figure 2-8 shows the schematic diagram of such fabricated 

device. 

 

Figure 2-8: All-waveguide tapered mode-selective couplers mode (de)multiplexer [61]. 

A fiber based photonic lantern was obtained for three mode multiplexing (LP01, LP11a and 

LP11b) [62]. The multiplexer is obtained by adiabatically fusing three single mode fibers through a 

capillary to form a few-mode fiber as depicted by Figure 2-9. The lantern achieved an insertion 

loss of less than 2dB over a wideband (from 1510nm to 1620nm). 
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Figure 2-9: Fiber based photonic lantern mode multiplexer [62] 

Another all-optical mode converter using photonic crystal fiber (PCF) and optical taper was 

also introduced in [63]. It converts LP01 to LP11 with an insertion loss of 0.3 dB and extinction 

ratio of 20 dB at 1550 nm. The schematic diagram of the device is given in Figure 2-10. 

 

Figure 2-10: All-fiber LP01 to LP11 mode converter [63]. 

A broadband mode converter between LP01 and LP02 was proposed and demonstrated in [64], 

in which photonic crystal fiber with pressurized holes inflated but the plugged holes collapsed to 

form a new annular core around the original core was used to achieve the mode conversion. 

Similarly, based on the same principle a three-mode multiplexer was demonstrated in [65].  
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A wide divergence angle asymmetric Y-junction mode (de)multiplexer for modes TE0 and 

TE1  was proposed in [53] as shown by Figure 2-11. The insertion loss was less than 1dB and the 

crosstalk less than –24 dB from 1530 nm to 1590 nm. Furthermore, the proposed scheme could 

also be expanded to include more modes. 

 

Figure 2-11: Y-Junction mode (de)multiplexer [53] 

Table 2-1 summarizes some different all-fiber techniques that have been reported to achieve 

mode conversion (MC) and/or mode (de)multiplexing (MUX) with their brief performance 

(insertion loss, extinction ratio and bandwidth or design wavelength). 

Generally speaking, all-waveguide mode converters and multiplexers have high mode 

conversion efficiency (80%–90%) [66], and are compact, but they are wavelength dependent.
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Table 2-1: Summary of different all-fiber techniques to achieve mode conversion (MC) 

and/or mode multiplexing (MUX) with their brief performance 

Technique Example IL (dB) ER (dB) λ or BW (nm) 

Fiber 

Grating 

[43] LP01 to LP11 MC 1.5 to 2.5 22 13 (C-Band) 

[67] LP01 to LP11 MC 2.8 – 4 20 At 1550 

Taper 

[60] LP01, LP11a and LP11b MUX < 2 20 600–1000 

[68] TE0, TE1 and TE2 MUX < 0.1 20 Broadband 

[69] LP01 and two-LP11 MUX 0.6 – 0.7 17.3 – 19.1 At 1310 

Photonic 

Lanterns 

[17]LP01, two LP11 MC and MUX 6.5 NA 100 

[64] LP01 to LP11 MC 0.3 20 At 1550 

[70] LP01, two LP11, two LP21, 

LP02 MC and MUX 
0.6 – 0.7 NA At 1550 

Planar 

Lightwave 

Circuits 

(PLC) 

[51]LP01, LP11 and LP21 MUX   0.5 – 10 NA 60 (C-band) 

[71]LP01 and LP11 MC and MUX    1.2 NA 100 (1500–1600) 

[65] LP01 to LP02 MC 0.1 15 Broadband 

[72] LP01, LP11a, LP11b, LP21a MC 

and MUX 
1.1 – 0.5 12 – 20 1530 – 1560 

Photonic 

Crystal 

Fiber (PCF) 

Mode 

Selective 

Couplers 

(MSC) 

Y-Junction 

[49] LP01, LP11, LP21 and LP02 

MUX 
0.4 – 1.5 NA 1543.5 

[45] TEi and TMi, i=0…3 MC 

and MUX 
0.2 – 2 11 – 20 1555 (C-Band) 

[73] TM0 and TE0  0.7 22 1450– 1750 

[47] 2-modes MUX  0.3 36 100 (1500-1600) 

[50] TE0 and TE1 WG MUX 0.35 17 100 (C-Band) 

[74] LP01, LP11a, LP11b, LP21a, 

LP21b, LP02 MUX 
1.4 – 1.8 20 C-band 
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Chapter 3: LP01 to LP02 Mode Converter and (de)Multiplexer for the O, S and C-Band 

3.1   Introduction 

Mode converters and (de)multiplexers are key components for enabling mode and space division 

multiplexing (MDM/SDM). These devices can be designed based on free space optics or based on 

waveguides. There exist a large flavor of such devices, especially those based on waveguides 

because they provide mode conversion and (de)multiplexing with a low insertion loss and result 

in small size components allowing them to be easily integrated with other optical devices [17], 

[49], [75], [76]. The basic idea behind waveguide-based mode converters and (de)multiplexers is 

to introduce some physical or structural perturbation to the device such as changing its physical 

dimensions or refractive index profile. For instance, a tapered-based mode converter is achieved 

by gradually increasing the cross-section of the waveguide. This tapering may result in a 

waveguide section that starts as a single mode (can support only the fundamental LP01 mode) and 

ends as a few or multimode (supporting LP01 mode and other higher order modes). 

In this chapter, a waveguide-based doubly tapered mode converter that converts LP01 to LP02 for 

the O, S and C-band is proposed [42]. The subsequent sections outline the design, performance 

analysis and fabrication results of the proposed mode converter structure. 

3.2.  The Proposed Mode Converter Structure 

3.2.1. The Structure 

The proposed structure of the mode converter is shown in Figure 3-1. It consists basically of two 

tapered circular sections (AB and CF) connected by a straight circular section (BC). The first taper 

(AB) has a length L1, a starting radius r1 and an ending radius r2. The tapering follows an 

exponential function to make transition smooth and reduce losses. The core refractive index is n1, 

whereas the cladding refractive index is n2. This taper is followed by a few-mode circular section 

of length L2 and core radius r2. Then, a second inner core is introduced (with a refractive index n3 

< n1) (CF) which is tapered from both ends with a radius starting with zero (at C) to r4 (section 

DE) and back to zero (at F). This second taper forms a ring index profile [65] as depicted by the 

transversal refractive index distribution in Figure 3-1. The outer cladding of the structure has a 

radius r3 and index n2.  
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Figure 3-1: Schematic diagram of the proposed mode converter 
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3.2.2. The Operating Principle 

The proposed mode converter structure operates as follows. The fundamental mode (LP01) is 

injected at the left port of the converter at the beginning of the first taper (A). The changing radius 

of this taper (from r1 to r2) causes excitation of higher order modes and power coupling from LP01 

mode to some higher order modes. The strength of power transfer (mode conversion efficiency) in 

this section depends on the parameters of this taper (r1, r2, L1, n1 and n2). For instance, injecting 

the LP01 mode at the starting of section AB can excite different higher order LP0m modes 

throughout the section and causing power transfer (or mode conversion) from the injected LP01 to 

a higher order mode. By carefully tuning the parameters of the AB tapered section, the power 

transfer can be made to occur mostly from LP01 to the desired LP02. However, some other higher 

order modes (especially those LP0m, m > 2 modes) can still have significant amount of power in 

this section. Figure 3-2 shows the normalized power of the injected fundamental mode LP01 and 

some higher order modes throughout the tapered AB section at the wavelength of 1310 nm (the 

center of the O-Band) for some fixed length L1 and radius r2.  
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Figure 3-2: Normalized power along AB section 
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It is clearly shown that almost all the power is distributed among the four modes, LP01, LP02, 

LP03, and LP04. In other words, the rest of higher order modes occupy negligible power. It is 

obvious from the figure that most of the input LP01 power is converted to LP02 mode. However, 

limited conversion efficiency is obtained if only one taper (the AB section) is used. Therefore, a 

second section (CF) is added to improve the conversion efficiency. It is worth mentioning that the 

circular BC section does not introduce power transfer (mode conversion), but it allows tuning the 

phases of the different modes. Thus, the maximum mode power transfer from LP01 and LP02 can 

be achieved, as well as reducing the power transfer to non-desired modes.  

The second section (CF) is formed by inserting an inner tapered element with a refractive index 

n3 that is smaller than the index of the core n1 (n3 < n1). This inner taper should be chosen not only 

to maximize the power conversion from LP01 to LP02 mode but also to minimize the power 

reflection, loss and power leakage to other non-desired modes. 

In order to tune the parameters of the proposed mode converter structure to achieve high mode 

conversion efficiency from LP01 to LP02 mode, we have performed extensive simulation using a 

vector mode solver, which is based on Eigen Mode Expansion (EME) [66] method to find the 

modes inside the waveguide.  

To evaluate the performance of the mode converter, two performance parameters are used [44], 

which are the insertion loss (IL) of LP02 mode and the mode extinction ratio (ER), defined as: 

IL = 10Log10 (
PLP01,in

PLP02,out
)              (3.1) 

ER2m = 10Log10 (
PLP02,out

PLP0m,out
) (3.2) 

where, PLP01,in and PLP0m,out are the optical input power of LP01 mode at point A and the optical 

output power of mode LP0m, (m = 1, 2, …) at the output of the mode converter (F), respectively. 

For the extinction ratio, we have considered only the LP01, LP03 and LP04 modes because they were 

the modes carrying the highest powers at the output among all non-desired modes. Note that the 

insertion loss is corresponding to conversion efficiency, i.e. less insertion loss means high 

conversion efficiency. Even though in general situations, insertion loss and conversion efficiency 

may result in different measurements, in this thesis we use them interchangeably. This is due to 

the short length of our designed devices. The extinction ratio measures the strength of the output 
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LP02 mode with respect to the remaining non-desired modes, i.e. higher extinction ratio means 

higher suppression of non-desired modes. In other words, the higher the extinction ratio the lower 

the crosstalk between modes. 

3.3. Mode converter for O-, S- and C-band 

To identify the optimal structure parameters, we carried out extensive simulation. The final 

parameters of the mode converter for the O-band (1260 – 1360 nm), the S-band (1460 – 1530 nm) 

and the C-band (1530 – 1565 nm) are given in Table 3-1. Figure 3-3(a), (b) and (c) illustrate the 

extinction ratio (ER) and insertion loss (IL) of our proposed mode converter in the O- S- and C-

band, respectively. Figure 3-3(a) shows that the insertion loss of the LP02 mode is less than 1.2 dB 

over the entire O-band and a minimum IL = 0.004 dB is obtained at the central wavelength 

(0=1310 nm), which is equivalent to a conversion efficiency of 99.9%. The maximum IL on the 

O-band is 1.2 dB, i.e. 75% conversion efficiency. The mode extinction ratio, which represents 

power ratio of the LP02 mode to the remaining non-desired modes, remains above 10 dB for the 

entire O-band and more than 30 dB at the central 1310 nm wavelength. Figure 3-3(b) shows the 

IL and ER in the S-band (between 1460 nm and 1530 nm, centered at 0=1500 nm). The IL is less 

than 0.08 dB, i.e. more than 98% conversion efficiency; and the ER is above 20 dB, over the entire 

S-band. At the central wavelength of 1500 nm, the IL = 0.002dB (99.95% conversion efficiency) 

and ER > 30dB are achieved. For the C-band (from 1530 nm to 1565 nm and centered at 1550 

nm), the insertion loss and extinction ratio are illustrated in Figure 3-3(c). Over this entire C-band, 

an IL of less than 0.06 dB (conversion efficiency of more than 98%) and an ER of above 19 dB 

are achieved. At the central wavelength of 1550 nm, conversion efficiency of 99.6% (0.02dB) and 

ER of greater than 26 dB are attained. Note that Figure 3-3(b) shows the performance of the mode 

converter for the entire S- and C- bands, i.e. the wavelength from 1360 to 1565 nm, in which the 

mode converter is optimized at the wavelength of 1500 nm. It is seen that the conversion efficiency 

of more than 90% and extinction ratio of more than 10 dB are achieved. This suggests that the 

same mode converter can be used for the two bands.
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Table 3-1: List of the parameters used in Figure 3-3 (lengths and radii are in µm) 

Symbol              Definition Values 

  O-Band S-band C-Band 

n1 Ref. index of core 1.49 1.5 1.5 

n2 Ref. index of outer clad 1.45 1.4535 1.4505 

n3 Ref. index of inner clad 1.4686 1.4555 1.4519 

L1 Length of 1st taper (AB) 181 182 191 

L2 Length of segment (BC) 1497 428 400 

L3 Length of segment (CD) 60 166 370 

L4 Length of segment (DE) 46 0 712 

L5 Length of segment (EF) 536 432 360 

r1 Radius of initial core 4 4 4 

r2 Radius of (BC) 15 15 15 

r3 Radius of outer cladding 40 40 40 

r4 Radius of (DE) 3 3 3 

0 Center wavelength 1310 1500 1550 

Ceff Conversion eff. at 0 99.9% 99.9% 99.6% 
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Figure 3-3: Extinction ratio and insertion loss achieved by the proposed mode converter in 

(a) O-band, (b) S-band and (c) C-band 

Table 3-2 summarizes the obtained results for the three bands. Except 75% conversion efficiency 

for a few shorter and longer wavelengths in the O-band, the conversion efficiency is greater than 

98% over the O-, S- and C-band, which are the mostly used wavelength bands for 

telecommunication systems using optical fibers, particularly C-band. 
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Table 3-2: Maximum and minimum IL(dB) and ER (dB) in O-, S- and C-band 

 Max 

IL 

Min 

IL 

Min ER at 

Central   

Min ER over 

entire band 

O-Band 1.2 0.004 30 10 

S-Band 0.08 0.002 30 20 

C-Band 0.06 0.016 26 19 

3.4.  Analysis of the Designs 

To investigate the stability of the previous designs in Table 3-2 as well as their tolerances for 

fabrication purposes, this section presents an analysis of the effects of the mode converter 

parameters. We consider the C-band mode converter only as an example, and the analysis for O- 

and S-band should be similar. 

3.4.1. Effect of the lengths 

Figure 3-4 shows the effect of lengths Li (i = 1…5) on the IL and ER at the central wavelength 

of 1550 nm. Figure 3-4(a) shows that the tolerance range of L1 from the nominal value is ±36 m 

(L1 = 191  36 m) for a conversion efficiency greater than 80% and ER greater than 10 dB. The 

tolerance range of L2 is ±57 m, given by Figure 3-4(b), for the conversion efficiency of 80% and 

ER of 10 dB. Moreover, the conversion efficiency and extinction ratio are not sensitive to L3, L4, 

and L5 as depicted in Figure 3-4(c), (d), and (e). It is seen that L3 = 370  75 m results in efficiency 

higher than 95% and ER higher than 20 dB, L4 = 712  66 m leads to efficiency higher than 97% 

and ER higher than 18 dB, and L5 = 360  97 m results in efficiency higher than 98% and ER 

higher than 20 dB. Based on these results, it is obvious that the converter can tolerate deviations 

of the lengths L1, L2, L3, L4 and L5 from their nominal values with a small penalty on the conversion 

efficiency.  
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Figure 3-4: Effect of the lengths Li (i=1…5) on conversion efficiency and extinction ratio in 

the C-band. 

3.4.2. Effect of the radii 

The tolerances to the deviation in the radii are tighter than the tolerances to the deviations in the 

lengths. Figure 3-5(a), (b), (c) and (d) show the impact of the radii r1, r2, r3 and r4 on the 

performance of the mode converter, respectively. As shown in Figure 3-5(a), the staring radius of 

the first taper r1 may deviate by ±2 m from its nominal value and can still result in an efficiency 

higher than 80% and ER higher than 10 dB. Figure 3-5(b) shows that the radius of the circular 

section r2 can deviate by only about 0.3 m from its nominal value (15 m). Unlike r2, the 

converter is much less sensitive to the outer cladding radius r3, and r3=40  20 m still results in 

more than 98% conversion efficiency and 23 dB ER. For the radius of the inner element r4 as 

shown in Figure 3-5(d), r4=3  0.3m leads to a conversion efficiency more than 80% and ER 

larger than 10 dB. Therefore, the converter is more sensitive to r2 and r4 than to r1 and r3. As a 
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matter of fact, r1 and r3 can deviate by 50% from their nominal values and the converter can still 

achieve a conversion efficiency of more than 80%. However, r4 can tolerate a deviation of 10% 

from its nominal value to insure a conversion efficiency greater than 80%. Furthermore, r2 has the 

tightest tolerance, since a deviation of 2% is required to keep conversion efficiency within the 80% 

range. 
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Figure 3-5: Effect of the radii ri (i=1…4) on conversion efficiency and extinction ratio in the 

C-band. 

It is shown that the impact of the lengths and radii deviation is roughly symmetrical with respect 

to the nominal value. However, the impact of refractive index deviation from the nominal value is 

quite different from that of the lengths and radii, as shown in Figure 3-6. This is because the light 

guiding mechanism inside the fiber is governed by the refractive index difference between the core 

and the cladding. Therefore, the core must always have a refractive index higher than the cladding 

(n1 > n2). 

To keep the conversion efficiency higher than 80% and ER higher than 10 dB, the indices of 

refractions must be within the ranges of 1.483  n1  1.7, 1.408  n2  1.47 and 1.35  n3  1.473.  

As a conclusion, the proposed mode converter structure can tolerate some variations of the 

design parameters from their nominal values for a target insertion loss of less than 1dB. As a result, 

the structure can be fabricated using current fabrication processes based on femtosecond laser 

direct inscription [77], [78]. 
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Figure 3-6: Effect of the refractive indexes ni (i=1…3) on conversion efficiency and 

extinction in the C-band. 

3.5.  Conversion from LP02 to LP01 

The proposed mode converter can be also used at the receiver side for reciprocal operation, 

converting LP02 back to LP01. Using the same parameters in Table 3-1, Figure 3-7 shows the 

extinction ratio (between LP01 and LP02) and IL of LP01 (conversion efficiency from LP02 to LP01) 

for the reciprocal operation, i.e. LP02 is injected at F (see Figure 3-1) and LP01 is output at point 

A, for the three bands (O, S and C). Here we only consider the ER between LP01 and LP02 because 

the other higher order modes (LP03 and LP04) are not supported at the output due to the ending 

radius of the structure (r1). It is clearly observed that for the reciprocal operation more than 99% 

conversion efficiency and higher than 30 dB ER can be achieved at the central wavelength in O-, 

S- and C-bands. For the entire bands, the minimum ER is 16 dB and 17 dB for S- and C-band, 

respectively. furthermore, the performance in the C-band does not have strong dependence on 

wavelength. 
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Figure 3-7: Extinction ratio (ER12) and insertion loss of LP02 converted to LP01 in the a) O-

band, b) S-band, and c) C-band 

3.6.  The (de)multiplexer: 

To (de)multiplex LP01 and LP02, we design a symmetrical circular directional coupler (DC) as 

shown in  

 

 

Figure 3-8. Such a (de)multiplexer can be made easily broadband. The coupler has two input 

ports (P1 and P2) and two output ports (P3 and P4). The waveguides forming the two arms of the 

coupler have the same radius rc. The refractive index of the two cores is n1 (the same as the 

refractive index of the core in the mode converter) and the refractive index surrounding the two 

waveguides is n2. The two waveguides are separated by a distance d1 at the input and a distance 

dc at the coupling region.  
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Figure 3-8: Symmetrical directional coupler 

In general, if mode b from port 2 is to be multiplexed with mode a from port 1, the minimum 

coupling distance Lc is given by: 𝐿𝑐 =
𝜋

2𝜅
, where  is the coupling coefficient between the two 

modes a and b, and it is given by [79]:  

𝜅 =
𝜔

4
𝜀0∫ ∫ 𝑒𝑎

∗ . Δ𝑛2. 𝑒𝑏𝑑𝑥 𝑑𝑦 (3.1) 

Where ea and eb are the electric field of modes a and b respectively. n represents the difference 

in refractive indices.  

In the case of coupling to the same mode (i.e., a = b), the coupling coefficient is inversely 

proportional to the mode propagation constant , which is proportional to the mode order 

(LP01>LP02>LP03>…). Therefore, the coupling distance is inversely proportional to the mode 

order (Lc,LP01> Lc,LP02> Lc,LP03>…). This is why we have chosen to input mode LP01 from port P1 

and mode LP02 from port P2 to minimize the coupling distance Lc. Table 3-3 illustrates the values 

of the DC parameters optimized for the C-band. 
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Table 3-3: The optimized parameters of the DC 

Parameter Value (mm) 

rc 5 

L 1000 

Lc 1060 

d1 10 

dc 0 

 

Figure 3-9 shows the insertion loss (IL) of modes LP01 and LP02 along the multiplexer when 

both modes are input (LP01 at P1 and LP02 at P2). The figure (with the zoomed inset) shows clearly 

that both modes are output at the same port P3 with 0.45dB and 0.1dB insertion loss for modes 

LP01 and LP02 respectively. The IL of LP02 is chosen to be lower than that of LP01 to compensate 

for the IL generated by the mode converter. 
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Figure 3-9: IL of LP01 and LP02 mode when both modes are input to the multiplexer 
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Figure 3-10 shows the IL when a single mode is input to the multiplexer and Figure 3-11 

illustrates the electric field profile along the multiplexer in the case when both modes are input as 

well as a single mode is input. 
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Figure 3-10: IL of (a) LP01 and (b) LP02 mode when a single mode input to the multiplexer 
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Figure 3-11: Electric field profile of (a) LP01, (b) LP02 and (c) both LP01 and LP02 modes 

 

Figure 3-12 with the inset shows the insertion loss when both modes are input versus the 

wavelength. We can see clearly that even though the multiplexer was designed for the C-band, it 

is broadband stretching to cover the O and S bands with a small additional loss (less than 1.5dB). 
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Figure 3-12: Insertion Loss of the multiplexer over a very wide band of wavelengths 

The coupler is symmetric, so it can be used to multiplex and demultiplex LP01 and LP02 modes 

as shown in Figure 3-13.  
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Figure 3-13: Insertion Loss and electric field profile of the demultiplexer 
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Now, it is time to put the two devices together (converter and multiplexer). At the transmitter 

side, mode LP01 is directly injected to the multiplexer at port P1, whereas LP02 is resulted from 

mode converter. There is also a radius adaptation step between the output of the mode converter 

and the input of the mode multiplexer at port P2 (this adapter is realized using a tapered section 

with an initial radius equal to the output radius of the mode converter and a final radius equal to 

the radius of the waveguide of the mode multiplexer). The complete device is shown in Figure 

3-14. 

 

Figure 3-14: Schematic diagram of the complete device (Mode converter (MC), step and 

multiplexer (MUX)) 

Table 3-4 gives the IL of the output modes LP01 and LP02 using the complete device in the center 

of C-band. 

Table 3-4: IL of the complete device in C-band 

Mode In MC In step In MUX Total 

LP01 0 0 0.46dB 0.46dB 

LP02 0.016dB 0.3 0.1dB 0.416dB 

MC MUXStep
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3.7.  Fabrication of a LP01 to LP02 mode converter 

The proposed device is based on an axially-varying profile waveguide. This type of circular 

tapers would be difficult to realize with traditional fiber drawing techniques, such as those 

techniques using planar geometry to realize tapers. Recently, advances in femtosecond laser pulses 

to inscribe a 3D photonic device inside a transparent glass have received full attention from 

designers and researchers. This technique allows the fabrication of passive and active integrated 

photonic devices by focusing the light of a laser beam to induce a local refractive index change 

through multiphoton interaction [77], [78], [80], [81]. This technique has also a great flexibility 

with the type of glasses in which inscription is performed since it does not require UV sensitive 

glasses like continuous-wave or quasi-continuous-wave UV exposure techniques [82]. With 

proper displacement, rotation and translation of the glass, almost any arbitrary shape can be written 

(taper, Y-junction, S-section, etc.). Moreover, different devices could be written sequentially or in 

parallel, allowing the integration of complex photonic devices and systems.   

To fabricate the proposed mode converter embedded in a bulk glass using femtosecond direct 

inscription, the device parameters have been re-tuned to fit the fabrication requirements. The 

values of the mode converter parameters are given in Table 3-5. 

Table 3-5: Parameters of the fabricated mode converter (Li and ri in m) 

Parameters L1 L2 L3 L4, L5 n1, n3 n2 r0 r1 r2 

Value 1200 0 1020 0 1.4877 1.4907 5 39 4 

The converter has a total length of about 2.22 mm, an initial diameter of 10 microns and a final 

diameter of 78 microns. The input of the converter can be easily coupled to a single mode fiber 

(Corning SMF-28), which has a typical mode field diameter (MFD) of about 10.4 microns. 

The mode converter was inscribed in a 1.1 mm thick bulk glass sample (top surface of 2×10 

mm2, Corning Eagle2000) using a Ti:sapphire laser system (Coherent RegA). The system was 

operated at a wavelength of 790 nm and a repetition rate of 250 kHz. The temporal full-width at 
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half maximum (FWHM) of the pulses was measured to be ~65 fs at the laser output and estimated 

at 85 fs on the sample. The beam was focused beneath the surface of glass samples using a 50× 

(Edmunds M Plan APO LWD, f = 4 mm, 0.55 NA) microscope objective. A cylindrical lens 

telescope was used to produce an astigmatic beam and shape the focal volume in such a way as to 

form traces with circular cross sections [83], [84]. The samples were translated at a speed of 

3mm/s, across the focal point, perpendicular to the laser beam using motorized mechanical stages 

(Newport XML210 and GTS30V). In order to fabricate the mode converter, an approach similar 

to Gosh et al. [85], [86] was used. The beam was scanned multiple times (314 times) while 

following slightly displaced trajectories (with 2 microns space between each adjacent trajectory) 

was used to fill in the contour of the design. After the inscription process, photo-inscribed devices 

were examined under an optical microscope (Olympus STM6). Figure 3-15 shows the top view, 

the input face as well as the output face of the fabricated mode converter. 

Figure 3-15(a) shows the left part of the fabricated device (mainly section L1 as shown in 

Figure 3-1). At the left, a circular section is inserted with a diameter of ~10 microns and a length 

of ~47 microns. This section is used for input LP01 mode to be coupled to a SMF. The right section 

depicts clearly the tapered segment L1. The resulting inscribed taper and core-cladding refractive 

index contrast follow our design. Figure 3-15(b) illustrates the input beam of the laser to be used 

for inscription. Unfortunately, the beam has a principal (desired) focus and a second (non-desired) 

focus. Moreover, the shape of the principal focus deviates from the targeted shape, since it does 

not have a perfect circular form (in fact, it has a D shape) and its radii are slightly above the desired 

10 micron). Figure 3-15(c) shows that there is an unwanted structure formed underneath the 

desired structure. This structure is due to the second focus of the astigmatic input beam [83]. The 

image of the input face of the bream (Figure 3-15(b)) clearly shows that defect exists (not perfect 

fundamental mode). As a result, a region in which the refractive index difference is slightly higher 

than the rest of the structure is formed where the unwanted and desired structures overlapped. 

Therefore, the output LP02 mode is more confined in the overlap region than the rest as shown by 

Figure 3-16. 
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Figure 3-15: Microscope image of (a) the top view, (b) the input face and (c) the output face 

of the fabricated mode converter. 

 

Figure 3-16 depicts the output intensity profile of the resulting mode at four different 

wavelengths of 1510, 1540, 1550 and 1570 nm. Figure 3-16 demonstrates that despite the presence 

of the defects in the inscribed device, the output mode intensity profile is very close to an LP02. 

All the intensity profiles in Figure 3-16 have an internal spot surrounded by an outer ring. In some 

wavelengths, the ring is not continuous due to the unwanted structure formed by the defect in the 

input laser beam. Figure 3-16 shows also that even though the converter was designed mainly for 

the C-band (from 1530 to 1565 nm), it covers a wider band, extending over both sides of the C- 

band. 
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Figure 3-16: Intensity profile of the output LP02 mode at four different wavelengths. 

The results shown in Figure 3-16 were obtained using the set-up illustrated in Figure 3-17. It 

consists of a tunable input laser, a 3-D adjustable stage for alignment and a high-resolution CCD 

camera. The input light beam from a single mode fiber (LP01 mode) connected to the tunable laser 

is directly injected into the input section of the mode converter (at air-glass interface as shown in 

Figure 3-15(a)). The output light from the converter (LP02 mode) is focused through lenses and 

then captured by the camera, which is connected to a computer. The 3-D adjustable stage is used 

to align the output light from the SMF into the input of the device. It has three degrees of freedom 

allowing a perfect alignment to insure minimum coupling losses between the light from the output 

of SMF into the input of the device under test. 
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Figure 3-17: The set-up used to analyze the mode converter 

Figure 3-18 illustrates the comparison between the simulated and measured insertion loss 

(conversion efficiency) of the fabricated converter. The simulation result shows a flat response of 

the converter over a wide range of wavelengths centered at 1550 nm, whereas the measured 

response has a minimum insertion loss at 1555 nm and the loss varies from 0.4 to 1.3 dB over the 

wavelength range from 1510 to 1575 nm. If only C-band is considered, the insertion loss is less 

than 1 dB, implying mode conversion efficiency of more than 80%.  
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Figure 3-18: Insertion loss (IL) of the fabricated mode converter (sim: simulated, meas: 

measured) 

3.8. Summary 

In this chapter, we have proposed a broadband mode converter using two circular waveguide 

tapers to convert LP01 to LP02, and vice versa. Over the entire O, S and C-band, more than 75% 

(O-band) and 98% (S- and C- band) conversion efficiency and higher than 10 dB (O-band) and 19 

dB (S- and C-band) extinction ratio can be achieved. Furthermore, the dependence of conversion 

efficiency and extinction ratio on wavelength is not strong in C-band. The device can achieve more 

than 97% conversion efficiency and higher than 19 dB extinction ratio over the entire C-band. By 

the analysis, it has been found that the performance of the mode converter is not very sensitive to 

any small variations of the converter parameters.  

For the reciprocal operation, the mode converter can have conversion efficiency of more than 

99% and extinction ratio of more than 30 dB at the central wavelengths of the three bands. For the 

entire three bands, both conversion efficiency and extinction ratio show similar performance 

compared to the conversion from LP01 to LP02. 
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In addition to the mode converter, a two-mode (de)multiplexer (for LP01 and LP02) using the 

mode converter combined with symmetric directional coupler is designed. This (de)multiplexer 

has a small insertion loss (less than 0.5 dB over the entire C-band), suggesting more than 95% 

(de)multiplexing efficiency. 

we have also reported the fabrication of an LP01 to LP02 mode converter using femtosecond 

laser 3D inscription on a borosilicate Corning Eagle 2000 glass. The fabricated converter length is 

2.22 mm and has an insertion loss of less than 1dB over the entire C-band, implying mode 

conversion efficiency of more than 80%. 
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Chapter 4: LP01 to LP0m Mode Converters 

4.1. Introduction 

In the previous chapter, we have presented the design, analysis and fabrication of an LP01 to 

LP02 mode converter. During the analysis of the converter performance, we have remarked that 

conversion can also be achieved to other higher order modes (especially LP0m modes). In this 

chapter, we use the same structure, shown in Figure 4-1 to obtain LP01 to LP0m mode converters 

by tuning the device parameters.  

A B C D E F

L1 L2 L3 L4 L5

r1

r2

r3

r4

n1

n2
n3

z

 

Figure 4-1: Schematic diagram of the proposed LP01 to LP0m mode converter 

4.2. The Performance Analysis of the Proposed LP01 to LP0m Mode Converter Structure 

We have carried out simulations to optimize the parameters of the mode converters from LP01 

to LP0m and the results for LP01 to LP0m, m = 2 … 7 are summarized in Table 4-1. However, the 

same structure could be tuned for any LP01–LP0m conversion. For fabrication purposes, we have 

chosen n1 = 1.4905 and n2 = n3 = 1.4877.  
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Table 4-1: Optimal parameters for the mode converters. Dimensions are in µm. 

LP01 to L1 L2 L3 L4 L5 r1 r2 r4 IL (at 1550nm) 

LP02 1179 114 167 95 1337 10 82 11 0.1 

LP03 1359 3 418 4 1833 12 115 15 1 

LP04 2898 373 105 1244 2000 12 80 71 1.2 

LP05 121 763 1424 300 542 12 147 47 2.5 

LP06 1414 388 557 53 589 12 163 100 2 

LP07 2482 26 100 290 917 12 213 92 2.5 

 

Figure 4-2 shows the insertion loss (IL) of the different LP0m modes. Figure 4-2(a), shows that 

the obtained mode converters can operate over a broad bandwidth. For instance, LP01–LP03 mode 

converter can be used over the O-, E-, S-, C- and L-bands for an IL less than 3.5dB. The same 

bandwidth can be obtained for the LP01–LP06 mode converter with a maximum IL of 6dB. 

More interestingly, Figure 4-2(b) demonstrates that all the designed mode converters could span 

the C-band (from 1530nm to 1565nm) with an IL not exceeding 3dB. 
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Figure 4-2: Insertion loss (IL) of LP0m modes at the output of mode converter (a) over a 

broadband, (b) over the C-band 
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4.3. The Mode Multiplexer/Demultiplexer 

After converting LP01 mode to the desired LP0m modes, they need to be multiplexed on a single 

(few-mode) fiber at the transmitter and demultiplexed (and then reconverted back to LP01) at the 

receiver. We have chosen to use directional couplers (DCs) for multiplexing and demultiplexing. 

A DC-based mode multiplexer is shown in Figure 4-3, in which multiplexing/demultiplexing of 

the first five LP0m modes (m = 1, …, 5) is considered. However, multiplexing/demultiplexing of 

any number of modes can be applied in principle. The structural parameters of the 

multiplexer/demultiplexer are optimized based on minimizing the insertion loss of 

multiplexed/demultiplexed modes at the output. 

LP01
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LP02
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Figure 4-3: LP0m (m = 1, 2, …, 5) mode multiplexer. 
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Figure 4-4 illustrates the insertion loss of the multiplexer and demultiplexer over the C-Band. 

It is shown that a worse case of 2.7 dB is obtained for demultiplexing LP04. At the central 

wavelength of 1550 nm, all the five modes can be multiplexed/demultiplexed with an insertion 

loss of less than 2.3 dB. 
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Figure 4-4: Insertion loss of LP0m (m = 1…5) modes at the output of the mode (a) 

multiplexer and (b) demultiplexer. 

Figure 4-5(a) and (b) illustrate the crosstalk of the multiplexer and demultiplexer for the C-band, 

respectively. Both have less than -15 dB crosstalk at the central wavelength (1550 nm) for the five 

modes. In general, it is shown that the crosstalk depends on the mode order, so higher order modes 

suffer from more crosstalk than lower order modes. Furthermore, the LP04 mode experiences the 

worst crosstalk between the modes. 

In a systematic design, one can optimize the two structures (mode converter and mode 

multiplexer) to balance the insertion loss and crosstalk from both structures for all the modes.
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Figure 4-5: The crosstalk of the LP0m (m = 1, 2, 3, 4, 5) modes at the output of 

(a)multiplexer and (b) demultiplexer. 
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4.4. Summary 

In this chapter, we have proposed an LP01 to LP0m mode converter structure. The converter 

structure is based on the structure proposed in chapter 3 for converting LP01 to LP02. The proposed 

structure can convert LP01 mode to LP02, LP03, LP04, LP05, LP06 or LP07, with an insertion loss (IL) 

ranging from 0.1 dB to 3 dB and an extinction ratio larger than 8 dB over the entire C-band. We 

have also proposed a mode (de)multiplexer based on directional couplers. 

To our best knowledge, the proposed converter performances are better than the reported LP01 

to LP0m mode converters. The comparison of the insertion loss (IL) of the proposed mode 

converters with some reported devices in shown in Table 4-2. 

Table 4-2: Comparison between the proposed mode converter with the previous works 

Mode converter 

(MC) 

IL of the proposed 

(MC) 

IL of previous 

works 

Features of the previous work 

LP01–LP02 0.4 dB 

0.6 dB [70] Simulation, Photonic lanterns 

1.8 dB [44] Simulation, MMI 

2.7 dB [87] Simulation, MMI 

2.75 dB [88] Experimental, Phase mask 

LP01–LP03 1 dB 6.2 dB [87] Simulation, MMI 

LP01–LP04 1.2 dB NA  

LP01–LP05 2.5 dB NA  

LP01–LP06 2 dB NA  

LP01–LP07 2.5 dB NA  
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Chapter 5: LP01 to LPlm Mode Converters 

5.1. Introduction 

In the two previous chapters, the proposed structure was used to convert LP01 mode to any LP0m 

mode. That was possible because of the concentric circular profiles of LP0m modes. To convert 

LP01 mode to other LPlm (l ≠ 0) modes, we propose to modify the structure by inserting more inner 

elements. These elements provide more structural parameters and allow the conversion of the LP01 

mode to any LPlm mode. The structure is outlined in the next section. 

5.2. The LP01 to LPlm mode converter structure 

To convert LP01 to LPlm mode (l ≠ 0), we propose to use the structure shown in Figure 5-1, 

where a single inner element (as was the case for LP0m modes) is not sufficient. 

 

Figure 5-1: Schematic diagram of the proposed LP01 to LPlm mode converter. 
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Inside the two outer circular sections, a matrix of small elements is inserted. Each element that 

is denoted by a row i and a column j, i.e. element (i, j), consists of three sections: a tapered section 

followed by a circular non-tapered section, and then followed by another tapered section. The 

beginning sections of the element (i, j) start with zero radius and taper to ri
j with a length L1

ij. The 

middle section is circular with a radius ri
j and a length L2

ij. The last section is circular with a radius 

ri
j that is tapered to zero over a length L3

ij. The refractive index of element (i, j) is nij. Elements (i, 

j) and (i+1, j) (in the same column) are spaced by a gap gi
j. Elements (i, j) and (i, j+1) (in the same 

row) are spaced by a gap di
j. Table 5-1 illustrates the list of symbol definitions used in Figure 5-1 

. 

Table 5-1: List of symbol definitions used in Figure 5-1 

Symbol Definition 

L0 Beginning section length of the outer structure 

L1 Tapered section length of the outer structure 

L2 Circular (non-tapered) section length of the outer structure  

L3 Extra length for coupling to an MMF or an FMF 

r0 Beginning section radius of the outer structure  

r1 Circular section radius of the outer structure 

Lk
ij Length of the kth section (k=1, 2 ,3) of the inner element (i,j) 

ri
j Middle section radius of the inner element (i,j) 

gi
j Vertical gap between two elements on column j 

di
j Horizontal gap between two elements on row i 

ncl Refractive index of the cladding 

nco Refractive index of the core (light-grey colored sections) 

nij Refractive index of element (i,j) (inner dark-grey colored sections) 
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5.3. The LP01 to LP11, LP21, LP31 converter structures 

The number of the inner elements depends on the desired output LPlm modes. As an example, 

we consider three modes only here, i.e. LP11, LP21 and LP31. Five inner elements were required to 

obtain LP11 and LP31, whereas six inner elements were required for LP21 as shown in Figure 5-2. 

All three structures start with an initial radius r0 of 5 µm for better coupling to a SMF. The LP01-

LP11 mode converter has a final radius r1 of 30 µm, whereas the LP01-LP21 and LP01-LP31 mode 

converters both have r1 = 26 µm. The inner elements have different radii ranging from 2 µm 

(element (2,2) in LP01-LP11 MC) to 26 µm (element (2,1) in LP01-LP31 MC) and different segment 

lengths ranging from 50 µm (end segment of element (1,2) in LP01-LP21 MC) to 1500 µm (start 

segment of element (2,2) in LP01-LP31 MC). For fabrication purposes, all inner elements have the 

same refractive index as the cladding (1.4877). 

 

In order for these devices to be fabricated with available inscription technology requiring an 

input laser spot of 10 microns, the minimum vertical spacing between any two neighboring inner 

elements as well as between an inner element and the cladding should not be less than 10 microns. 
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3D view of LP01 to LP11 MC 

 

 

 

 

 

 

Figure 5-2: LP01 to LP11, LP21 and LP31 mode converter structures. 
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Figure 5-3 shows the insertion loss of the three mode converters. Figure 5-3(a) shows the IL 

from 1300 to 1700 m and Figure 5-3(b) presents the IL over the C-band. This figure shows that 

an IL of less than 2 dB is achieved over the entire C-Band for the three modes.  
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Figure 5-3: Insertion loss of LP11, LP21 and LP31 modes over (a) a broadband, (b) the C-

Band. 
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Figure 5-4: Extinction ratio for LP11, LP21 and LP31 modes over (a) a broadband, (b) the C-

Band. 
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Figure 5-4 shows the extinction ration (ER) of the three mode converters, where Figure 5-4(a) 

shows the ER over a broadband from 1300 to 1700 mm and Figure 5-4(b) presents the ER over 

the C-band and. Over this C-Band, an extinction ratio above 10 dB is achieved for the three modes. 

These results are obtained from brute-force simulation and optimization with numerical solvers 

and they can still be enhanced with some optimizations of the structure parameters and mode 

converters for any other LPlm modes can be achieved using the structure in Figure 5-1. 

5.4. The LP11, LP21 and LP31 mode (de)multiplexer structure 

To (de)multiplex the three obtained modes (LP11, LP21 and LP31), a (de)multiplexer structure 

based on parallel directional couplers like the one introduced in the previous chapter (see Figure 

4-3) is used. The structure is shown in Figure 5-5. To simplify the structure design, all waveguides 

have the same radius (30 m). This choice of using the same radius was motivated by the three 

radii (r1) of the converters (LP01~LP11, LP01~LP21 and LP01~LP31) which are 30 m, 26 m and 

26 m respectively. Furthermore, the same structure can be used at the transmitter side (for 

multiplexing) as well as at the receiver side (for demultiplexing) with similar performances. 

 

 

 

 

Figure 5-5: LP11, LP21 and LP31 mode multiplexer 
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Figure 5-6 illustrates the insertion loss (IL) of the LP11, LP21 and LP31 (d)multiplexer over the 

C-Band. Figure 5-6(a) shows that an IL of less than 1.9dB is achieved over the entire C-Band and 

less than 0.4dB at the design wavelength of 1550nm for the multiplexer. Figure 5-6(b) gives the 

simulation results of the demultiplexer over the C-Band. These results are similar to those of the 

multiplexer, therefore, the device is symmetrical, hence it can be used as multiplexer and 

demultiplexer. 
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Figure 5-6: Insertion Loss over the C-Band for the LP11, LP21 and LP31 (a) Multiplexer, (b) 

Demultiplexer. 

In Figure 5-7, the crosstalk caused by the interferences between the three modes over the C-

Band is presented. One can see from Figure 5-7(a) that a crosstalk below -13.8 dB is achieved over 

the entire C-Band and below -17.7 dB at the wavelength of 1550nm for the multiplexer. The 

demultiplexer results are given by Figure 5-7(b), where less than -18dB crosstalk is achieved for 

all three modes at the design wavelength (1550nm). Except for mode LP21, the other modes have 

a crosstalk below -14dB over the entire C-band. 
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Figure 5-7: Cross Talk over the C-Band for the LP11, LP21 and LP31 (a) Multiplexer, (b) 

Demultiplexer. 
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5.5. Summary 

In this chapter, we have proposed an LP01 to LPlm (l ≠ 0) mode converter structure. The converter 

structure is a modified version of the structure proposed in chapters 3 and 4. The proposed structure 

can convert LP01 mode to any LPlm with proper choice of its parameters. Furthermore, a case study 

of three converters (LP01 to LP11, LP21 and LP31) shows that these modes can be obtained with less 

than 2dB insertion loss and more than 10dB extinction ratio over the entire C-band. A 

(de)multiplexer based on directional couplers is also proposed. This device is symmetrical and has 

an insertion loss below 1.9dB for the entire C-Band. The comparison of these three converters with 

reported devices in shown in Table 4-2. 

Table 5-2: Comparison between the proposed LP01 to LP11, LP21 and LP31 mode converters 

with the previous works 

Mode converter 

(MC) 

IL of the 

proposed MC 

IL of previous 

works 

Features of the previous work 

LP01–LP11 0.8 dB 

0.3 dB [64] Experimental, PCF 

0.5 dB [71] Experimental, PLC 

1.5 dB [43] Experimental, LPFG 

7.2 dB [31] Experimental, Phase plates 

9 dB [32] Experimental, LCOS 

LP01–LP21 1.1 dB 

0.7 dB [70] Simulation, Photonic lanterns 

2 dB [89] Experimental, PLC 

10 dB [51] Experimental, PLC 

LP01–LP31 1.9 dB NA  
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Chapter 6: Conclusion 

6.1. Conclusion 

Optical space and mode division multiplexing (SDM/MDM) is a promising technique to increase 

fiber link throughputs and overcome the capacity limitations of the single mode fiber (SMF) and 

enable the implementation of optical multiple-input and multiple-output (MIMO) systems. MDM 

transmission is based on few mode fibers (FMFs) and uses the orthogonal guided optical modes 

(such as the linearly polarized LP modes) to carry different optical signals (each mode is 

considered as an independent channel and can carry an independent signal). However, mode 

converters/(de)multiplexers are usually required for MDM systems at optical transmitters and 

receivers. In other words, mode conversion (from fundamental to higher order modes) and 

multiplexing are required at optical transmitters, while demultiplexing and mode conversion (from 

higher-order modes to the fundamental mode) are usually required at optical receivers. Mode 

conversion and multiplexing can be achieved using either free-space or waveguide-based optics. 

In this thesis, waveguide-based LP01 to LPlm mode converters and (de)multiplexers are proposed 

to be used in MDM transmission systems. The details of the proposed mode converters and 

multiplexers are given below: 

1. A broadband mode converter structure is proposed to convert the fundamental LP01 mode to 

the high order LP02 mode, and vice versa. The converter structure is based on circular 

waveguides and consists of two-stage tapers. The first stage has two sections: a tapered 

section followed by a non-tapered section. The tapered section has a starting radius r1, an 

ending radius r2 and a length L1. The second section has a radius r2 and a length L2. The core 

has a refractive index n1 and the cladding has a refractive index n2. The second stage is 

obtained by inserting a doubly-tapered (from both sides) inner element. This inner element 

has a refractive index n3 (n3 is chosen to be same as n2 to make the structure easily fabricable) 

and consists of three sections. The first section has a length L3, starts with a zero radius and 

is tapered to an ending radius r4. This first section is followed by a non-tapered section of 

length L4. Then, another tapered section of length L5 follows, with an ending radius of zero. 

All taper profiles follow an exponential function to make transition smooth and reduce loss. 
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The working principle of the proposed structure is as follows. The fundamental mode (LP01) 

is injected at the left of the first stage. The adiabatically cross-sectional variations cause 

power to couple from LP01 mode to other higher order modes. Since the tapered fiber 

conserves circular symmetry, it will excite mainly local modes that have the same azimuthal 

dependence as the injected LP01 mode, and these modes are LP0m modes. By careful tuning of 

the parameters of this stage (mainly r1, r2, L1 and L2), the power transfer can be forced to occur 

mostly from LP01 to the desired LP02. However, other non-desired modes (LP0k, k > 2) can 

still have a portion of power in this stage. The second stage of the converter is then used to 

further enhance the desired mode conversion and reduce the non-desired mode conversion. 

The converter can operate over a very wide band (the O, S and C-band), with less than 1.3 

dB (O-band) and 0.1 dB (S- and C- band) insertion loss and higher than 10 dB (O-band) and 

19 dB (S- and C-band) extinction ratio. Furthermore, the proposed mode converter is 

fabricated using femtosecond laser 3D inscription on a borosilicate Corning Eagle 2000 

glass. This converter has a total length of 2.22 mm and an insertion loss less than 1 dB over 

the entire C-band. In addition to the mode converter, a two-mode (de)multiplexer (for LP01 

and LP02) using a symmetric directional coupler is designed. This (de)multiplexer has an 

insertion loss of less than 0.5 dB over the entire C-band. 

2. With proper parameters selection, the proposed LP01 to LP02 mode converter structure can 

convert LP01 to any LP0m mode. The structures that convert LP01 mode to LP02, LP03, LP04, 

LP05, LP06 and LP07 are presented. The insertion losses (IL) of these structures range from 

0.1 dB to 3 dB and the extinction ratios are larger than 8 dB over the entire C-band. A mode 

(de)multiplexer based on directional couplers for the first five modes (m = 1 … 5) has also 

been proposed and analyzed. The performance of this (de)multiplexer shows that all five 

modes can be multiplexed with an insertion loss ranging from 0.01 dB to 2.7 dB and cross 

talk below -9 dB over the entire C-Band. To the best of our knowledge, the proposed mode 

converter outperforms most of the reported LP01 to LP0m mode converters.  

3. A universal LP01 to LPlm mode converter is also proposed. It is based on a modified LP01 to 

LP0m mode converter (MC) structure. The MC is based on tapered circular waveguide which 

contains several inner structural elements that can be tuned to convert LP01 to any desired 

LPlm mode. As a case study, three converters LP01~LP11, LP01~LP21 and LP01~LP31 for the 
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C-band are presented and analyzed. Simulation results show that all three MCs can achieve 

conversion with an insertion loss between 0.8 dB and 1.9 dB over the entire C-Band. The 

three obtained modes (LP11, LP21 and LP31) are (de)multiplexed using symmetric directional 

couplers with an insertion loss below 1.9 dB over the entire C-Band. 

6.2. Future Work 

As a future work, one can enhance the parameters of the proposed mode converters, especially 

the universal LP01~LPlm MC to decrease the insertion loss and increase the extinction ratio. Instead 

of relying on brute-force simulation and optimization with numerical solvers to obtain each 

structure, a strategy or easy-to-follow rule on how the index modulating elements need to be 

designed and placed in order to achieve a certain mode conversion. 

The focus of this thesis was put on the design and performance evaluation of mode converters; 

however, less effort was given to mode (de)multiplexers, therefore, more study on mode 

(de)multiplexers is needed to propose a device with less losses and crosstalk. Furthermore, 

interference between modes (crosstalk) could be deeply studied to identify which modes, among 

all possible LPlm modes, can be multiplexed together with less losses and crosstalk. 

Another research direction complementary to this research is the study of Few-Mode Fibers 

(FMF). These fibers are the enabling transmission medium for MDM and therefore their impact 

on the overall performance of the MDM transmission systems should be lit on. 

Moreover, adequate MIMO-DSP algorithms should be developed to correctly detect and restore 

the different signals at the receiver side. 
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APPENDIX: Linearly Polarized (LP) Modes 

A.1.  Introduction 

In optical communication systems, the used waveguides are generally weakly guiding [90]–[97], 

which means the difference between the refractive index of the core to the cladding is typically 

less than 1%. In addition to that, the profile of transverse refractive index is radially symmetric 

and depends only on the radial coordinate r and not on the azimuthal coordinate  as shown by 

Figure A-1. This fact simplifies the solution of the fiber modes, resulting in linearly polarized (LP) 

modes [98]–[104]. 

 

Figure A-1: (a) An optical fiber, (b) the cross-section, (c) the refractive index profile. 

Therefore, the wave equation for the complex electric field profile E(r,) in cylindrical 

coordinates is given by [105][106]: 

𝜕2𝐸

𝜕𝑟2
+
1

𝑟

𝜕𝐸

𝜕𝑟
+
1

𝑟2
𝜕2𝐸

𝜕𝜙2
+ 𝛽𝐸 = 0 (𝐴. 1) 
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where β is the imaginary part of the propagation constant. 

Due to the radial symmetry, E(r,) can be given by: 

𝐸(𝑟, 𝜙) = Ψ(𝑟) {
cos (𝑙𝜙)
sin (𝑙𝜙)

} (𝐴. 2) 

where l is called the mode azimuthal number, which must be an integer. The cosine and sine 

solutions refer to even and odd modes respectively. The resulting scalar radial equation will be: 

𝑑2Ψl(𝑟)

𝑑𝑟2
+
1

𝑟

dΨl(𝑟)

𝑑𝑟
+ (𝑛2(𝑟)𝑘2 −

𝑙2

𝑟2
− 𝛽2)Ψ𝑙(𝑟) = 0 (𝐴. 3) 

where k is the vacuum wavenumber given by 𝑘 =
2𝜋

𝜆
 and n(r) is the refractive index. 

For a two-layer step-index fiber, such as the one shown in fig. A-1, the refractive index n(r) is 

given by: 

𝑛(𝑟) = {
𝑛𝑐𝑜; 𝑟 ≤ 𝜌
𝑛𝑐𝑙; 𝑟 > 𝜌

(𝐴. 4) 

Where ρ is the radius of the fiber core delimiting the core-cladding interface. 

In this case, the effective index neff defined as: 

𝑛𝑒𝑓𝑓 =
𝛽

𝑘
(𝐴. 5) ; 

for guided modes is: 

𝑛𝑐𝑙 < 𝑛𝑒𝑓𝑓 ≤ 𝑛𝑐𝑜 (𝐴. 6) 

For a given wavelength λ, solutions for the fiber guided modes (solutions that tend to zero 

for r going to infinity) exist for certain discrete values of β [107]. These values are noted as βlm, 

where l is the azimuthal index (starting from 0) and m starts from 1 to some maximum value.  

In the case of step-index fibers, solutions for the core and cladding part of the radial equation 

involve a Bessel function Jl(Ur) and a modified Bessel function Kl(Wr) respectively [102][108], 

where 

𝑈 = 𝜌√𝑛𝑐𝑜2 𝑘2 − 𝛽2 (𝐴. 7) 

https://www.rp-photonics.com/step_index_fibers.html
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And 

𝑊 = 𝜌√𝛽2 − 𝑛𝑐𝑙
2 𝑘2 (𝐴. 8) 

With:  

𝑉2 = 𝑈2 +𝑊2 = 𝜌2(𝑛𝑐𝑜
2 − 𝑛𝑐𝑙

2 )𝑘2 = (𝑘𝜌𝑁𝐴)2 (𝐴. 9) 

Where V is the normalized frequency and NA is the numerical aperture.  

Now, the solutions theΨ𝑙(𝑟)  can be given by: 

Ψl(𝑟) =

{
 
 

 
 𝐽𝑙 (

𝑈𝑟
𝜌 )

𝐽𝑙(𝑈)
𝑟 ≤ 𝜌,

𝐾𝑙 (
𝑊𝑟
𝜌 )

𝐾𝑙(𝑊)
𝑟 > 𝜌

(𝐴. 10) 

Applying the continuity of Ψ𝑙(𝑟) in r = ρ, we get the following eigenvalue equation: 

𝑈
𝐽𝑙−1(𝑈)

𝐽𝑙(𝑈)
= −𝑊

𝐾𝑙−1(𝑊)

𝐾𝑙(𝑊)
(𝐴. 11) 

Since equation (A.9) sets a relationship between W, U and V, therefore, for a given value of V 

and l, the solutions for equation (A.11) are discrete values Ulm (m is a non-zero integer) 

representing a guided mode LPlm. Every value of Ulm of guided mode LPlm lies between two 

limiting values: Umin (which is the cut-off value) and Umax. These two limiting values are the zeros 

Indeed, there are two distinct cases to consider: l = 0 and l > 0. 

l = 0:  zeros of J1(U) < U0m < zeros of J0(U). 

l > 0: zeros of Jl-1(U) < Ulm < zeros of Jl(U). 

Table A-1 gives the bounding values of the first few Ulm and Figure A-2 shows the first four 

Bessel functions of the first kind Jl showing their first few zeros.

https://www.rp-photonics.com/numerical_aperture.html
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Table A-1: The bounding values of the first few Ulm. 

l m Umin Umax LP Mode 

0 

1 0 2.4048 LP01 

2 3.8317 5.5201 LP02 

3 7.0156 8.6537 LP03 

1 

1 2.4048 3.8317 LP11 

2 5.5201 7.0156 LP12 

3 8.6537 10.1735 LP21 

2 

1 3.8317 5.1356 LP31 

2 7.0156 8.4172 LP32 

3 10.1735 11.6198 LP33 

l > 2 m (m+1)th Zero of Jl-1 (m+1)th Zero of Jl LPlm 
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Figure A-2: The first four Bessel functions of the first kind 

The value of the normalized frequency V determines the number of LP modes existing in the 

fiber. The higher the V number of the fiber, the more guided modes exist. For V below 2.405, there 

is only a single guided mode (the fundamental LP01 mode) and the fiber is a single-mode fiber. For 

large V, the fiber becomes multimode fiber and the number of supported LP modes is proportional 

to V2[109]. Table A-2 gives the minimum V for each mode to be supported in the fiber. LP01 is not 

in the table because it always exists.

https://www.rp-photonics.com/v_number.html
https://www.rp-photonics.com/single_mode_fibers.html
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Table A-2: The V number for the first few LPlm modes 

V 2.405 3.832 5.136 5.520 6.380 7.016 7.588 8.417 8.654 8.771 

Mode LP11 
LP21 

LP02 
LP31 LP12 LP41 

LP22 

LP03 
LP51 LP32 LP13 LP61 

V 9.761 9.936 10.173 11.065 11.086 11.619 11.792 12.225 12.339 13.015 

Mode LP42 LP71 
LP04 

LP23 
LP52 LP33 LP81 LP14 LP91 LP62 LP43 

A.2.  Polarization of the LP modes 

LP modes of nonzero azimuthal index (l > 0) have two independent solutions: an even solution 

one with cos(l) and an odd solution with sin(l). Each of these two solutions can have two 

possible polarization: x and y, resulting in four-fold degenerate modes: 𝐿𝑃𝑙𝑚
𝑒,𝑥, 𝐿𝑃𝑙𝑚

𝑒,𝑦
, 𝐿𝑃𝑙𝑚

𝑜,𝑥, 𝐿𝑃𝑙𝑚
𝑜,𝑦

. 

Modes with zero azimuthal index (l = 0) are two-fold degenerate: 𝐿𝑃0𝑚
𝑥 , 𝐿𝑃0𝑚

𝑦
. Error! Reference s

ource not found. shows an illustration of these two polarizations of the electric field of some LPlm 

modes and Figure . represents the 2-D intensity profile of some modes. 

 

Figure A-3: The polarization of some LPlm modes.  
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(a) 

 

(b) 

Figure A-4: Intensity profile of some LPlm modes (a) l = 0, (b) l ≠ 0 
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