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Chapter1 

Introduction 
 

1.1 Background 

1.1.1 Optical communication system based on conventional single-mode 

optical fiber and 1060nm single-mode VCSEL 

In today's society, the rapid development and advancement of network technology are 

leading the global technology trend. In recent years, various Internet-related applications 

and technologies have exploded, such as short video apps on smartphones [1-3], the 

metaverse concept [4-6], and video conferencing that has been widely used since the 

COVID-19 pandemic [7-10]. These new technologies are not only changing our lifestyles, 

but also posing new challenges to the optical communication demands of 5G networks 

and data centers [11-13]. The metaverse and video conferencing require high-quality real-

time image or video transmission; short video apps perform real-time analysis of user 

preferences to deliver content precisely. 

Against this backdrop, the demand for optical communication in 5G networks and data 

centers is soaring. On the one hand, the advent of 5G networks has made it possible for 

faster and larger capacity data transmission. However, this also means that data centers 

need to handle more data, which imposes higher requirements on the optical 

communication capability of data centers. 

The figure below shows some common optical communication solutions and their pros 

and cons: 
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Fig. 1-1 Schemes of optical transmission system 

Among them, the most widely used system is based on a 1.3μm/1.5μm single-mode DFB 

laser and standard single-mode fiber [14-16]. This system can meet the needs of high-

speed, long-distance transmission. However, the significant power consumption of DFB 

lasers are very unfavorable for their large-scale deployment. Compared with DFB lasers, 

VCSEL with a wavelength below 1.1μm have much lower power consumption [17-19]. 

A common scheme is using an 850nm or 1060nm multimode VCSEL in conjunction with 

a multimode fiber for high-speed transmission [20-25]. However, due to the influence of 

factors such as modal dispersion, this scheme can usually only transmit over a short 

distance. Additionally, 1.3μm/1.5μm single-mode VCSEL, due to its low power 

consumption characteristics, has also been proposed as a substitute for DFB laser. But its 

complex manufacturing process limits the possibility of its large-scale application [26-

29]. 

Under these circumstances, we propose the solution of combining a 1060nm single-mode 

VCSEL with conventional single-mode fiber [30-33]. The 1060nm single-mode VCSEL 

has a low power consumption. It has very considerable prospects in large-scale 

deployments. Because the standard single-mode fiber is still utilized, it does not require 

significant changes to the existing optical communication system, which greatly saves 
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costs. However, since the single-mode cutoff frequency of conventional single-mode fiber 

is 1260nm, the fiber can support two modes [34], LP01 and LP11, at 1060nm, as shown 

in the figure below. The presence of the LP11 mode will inevitably have a negative impact 

on the system. This paper will conduct detailed research on this issue and propose 

solutions. 

 

Fig. 1-2 Schematic diagram of 2-mode transmission 

 

1.1.2 Structured cabling of large-scale data center 

Based on various applications and technologies of the Internet, their data ultimately needs 

to be processed and exchanged in data centers. This has given rise to large-scale data 

centers. 400G Ethernet is a common transmission scheme in large-scale data centers. The 

optical modules that realize 400G Ethernet are also constantly changing with the 

development of data centers. Statista has made predictions about its changes, as shown 

in the following figure: 
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Fig. 1-3 Variance of 400G optical module [35] 

As can be discerned from Fig.1-3, there is a marked annual increase in the adoption rates 

of the single-mode transmission systems, 400GBASE-FR4 (2km) and 400GBASE-DR4 

(500m). In contrast, the expansion of the multimode transmission system, 400GBASE-

SR8 (100m), has been sluggish. This can be primarily attributed to the evolving dynamics 

in data center sizes, wherein the need for longer transmission distances becomes more 

pronounced. Regrettably, multimode transmission systems, which are inherently designed 

for shorter distance transmission, are failing to meet these extended requirements. 

It should be noted that the choice of cabling systems exhibits a direct correlation with the 

data center's scale [36-38]. In small data centers, point-to-point cabling is usually adopted. 

As shown in the following figure: 
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Fig. 1-4 Schematic diagram of point-to-point cabling 

Point-to-point cabling refers to the direct connection between two terminals that need to 

transmit data using optical fibers. Its advantages are convenience, simple, and no need 

for fiber connectors, thus ensuring nearly lossless data transmission. However, the low 

flexibility and difficulty in management of the point-to-point cabling scheme are its 

biggest drawbacks, which also make it only suitable for small data centers. 

In large-scale data centers, a structured cabling system is usually adopted. By introducing 

a distribution area as an intermediary, the connections between various terminals are 

managed through the distribution area. This method can significantly improve the 

flexibility of the cabling system. As shown in the following figure: 
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Fig. 1-5 Schematic diagram of structured cabling system. MDA: main distribution area 

As depicted in Fig.1-5, the optical pathway connects optical fibers extending from two 

terminals to an enclosure housed within a cabinet. Subsequently, the output of this 

enclosure is directed towards the Main Distribution Area (MDA), where the final 

interconnection will be accomplished. Such a connection method provides the system 

with exceptional scalability and simplifies maintenance procedures. However, given the 

multiple "transfers" involved in the optical path, structured cabling necessitates the use 

of more fiber connectors compared to point-to-point cabling. For instance, in the system 

demonstrated in Fig.1-5, each of the two terminals traverses a cabinet enclosure and the 

Main Distribution Area to accomplish the connection, which includes a total of 4 

connection points. The coupling loss attributable to these connection points could 

detrimentally impact communication. A detailed analysis of this system will be carried 

out in Chapter 2. 
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1.2 Previous work 

1.2.1 Previous research of modal noise 

In the 1060nm optical communication system based on conventional single-mode fiber, 

the biggest issue is the modal noise caused by LP11 mode. There have been many related 

studies on this issue in the past [39-43]. We will analyze the key points of these studies in 

this section. 

The transmission models employed in prior research are fundamentally congruent. The 

model posits that when light in the LP01/LP11 mode traverses a fiber connection 

experiencing coupling loss, the energy dissipated stimulates the LP11/LP01 mode. This 

concept is illustrated in the ensuing figure: 

 

Fig. 1-6 Schematic diagram of 2-mode transmission model 

In the case that interference arises between the excited LP01 and LP11 modes and the 

signal (LP01), this can instigate the occurrence of modal noise. This theory aligns with 

our understanding of the production of modal noise. However, we contend that these 

studies harbor considerable limitations and require further refinement. 

Firstly, numerous previous studies postulate that the phase difference during interference 

is a random variable ranging from 0 to π. This phase difference originates from the distinct 

propagation constants of the LP01 and LP11 modes and alterations in environmental 
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factors such as temperature, which can induce phase shifts. We contend that this 

assumption is flawed as the phase changes instigated by propagation or environmental 

conditions are of low frequency. Under such conditions, if interference takes place, the 

resultant changes in light intensity are likewise low-frequency. This implies that the 

average optical power shifts slowly over time, leaving the root mean square (RMS) value 

of the optical power, i.e., the noise, unaffected. In our assessment, the noise source should 

be attributed to the phase noise of the laser, which is characterized by high-frequency 

phase changes. The interference of light translates this high-frequency phase variation 

into a high-frequency change in optical power, thereby causing modal noise. 

Simultaneously, as these studies presume the phase difference to be a random variable, 

they do not need to consider the LP01 and LP11 mode light components generated at each 

fiber connection as independent entities. Typically, a rudimentary analysis using a model 

containing only 2 connection points, as depicted in Fig. 1-7, is performed. However, 

considering that the light generated at each connection point bears different phase 

differences compared to other lights within the system, when calculating the interference 

between any two lights, the phase difference varies accordingly. Therefore, it is 

imperative to establish a model incorporating a larger number of connection points. This 

model would facilitate a step-by-step analysis of the mode coupling process and phase 

differences and enable the derivation of a universal formula. 

Secondly, in the equations presented in these studies, only the interference of the LP01 

mode is typically calculated. Certain research suggests that due to the considerable 

transmission loss of the LP11 mode, the noise it engenders can be disregarded. While this 

assumption is tenable for long-distance communication, it may not hold for the optical 

paths within the data centers under our consideration, where the transmission distance 
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typically falls short of 2km. Hence, it becomes necessary to factor in the noise induced 

by the LP11 mode. 

Thirdly, a prevailing consensus in most studies is that the transmission loss of the LP01 

mode can be deemed negligible. However, our research indicates that in conventional 

single-mode fibers, the transmission loss of the LP01 mode hovers around 0.8dB/km. To 

attain more accurate computation results, particularly in instances where the transmission 

distance surpasses 1km, the loss attributable to the LP01 mode should be incorporated. 

Grounded in these three insights, we have devised a more precise model, detailed in the 

second chapter, to facilitate a more comprehensive and accurate analysis of modal noise. 

 

1.2.1 Analysis of different types of mode filter 

In addressing the complications introduced by the existence of higher-order modes in 

systems deploying single-mode transmission utilizing light below the cutoff wavelength 

within conventional single-mode fibers, mode filters emerge as a potent solution. The 

implementation of mode filters for the purging of high-order modes has the potential to 

significantly enhance system performance. The topic of mode filters has been the nexus 

of abundant research endeavors, resulting in the development of an array of mode filter 

prototypes [48-50]. 
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Fig. 1-7 Different types of mode filter: (a)by using mode coupler,(b)remove high-order 

modes by using single-mode fiber at operation wavelength,(c)by using tapered fiber 

We shall expound on the underpinnings of mode filtering by showcasing three disparate 

archetypes of mode filters. Fig. 1-7(a) portrays a mode filter that capitalizes on a mode 

coupler. As light bearing both LP01 and LP11 modes impinges from the left-top port into 

the coupler, the LP11 mode light is transposed into the bottom waveguide, thereby 

effectuating the disentanglement of LP01 and LP11 modes. Fig.1-7(b) incorporates a 

single-mode fiber, calibrated with the operative wavelength, as a mode filter; it is 

interfaced at both termini of the multimode fiber to execute high-order mode filtering. 

Fig. 1-7(c) delineates the technique of fiber tapering, attenuating core dimensions, and in 

turn enabling the fiber segment to support solely the LP01 mode, culminating in 

efficacious higher-order mode eradication. These mode filter configurations render 

admirable performance, adeptly expunging higher-order modes extant within the system. 

However, these methodologies call for the integration of specialized apparatus and 

procedures into the system, inevitably amplifying expenditures and inducing certain 

insertion losses. In juxtaposition, we advocate that inducing fiber bends can elicit a 
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commensurate higher-order mode filtering effect. This premise is anchored in the 

observation that at a given bending radius, higher-order modes incur more pronounced 

bending losses [51]. Consequently, through judicious selection of the bending radius and 

the number of coils, it becomes theoretically plausible to sieve out higher-order modes 

whilst leaving the LP01 mode largely unscathed. Informed by this theoretical framework, 

we proffer two distinct mode filter designs, which are meticulously elucidated in Chapters 

3 and 4. 

 

Fig. 1-7 Bending loss for different order of modes 

 

1.3 Research purpose 

Drawing from our appraisal of prior research, the primary objectives of our study can be 

delineated as follows: 

• Establish a light transmission model predicated on a 1060nm single-mode VCSEL 

and conventional single-mode fiber. Undertake an analysis and computation of the 

potential emergence of the LP11 mode in the system and the concomitant modal noise. 

Moreover, calculate the power penalty induced by modal noise and prognosticate the 

performance augmentation attributable to mode filters. 
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• Develop a simulation model for mode filters based on bent fibers. Evaluate its effects 

and design experiments to measure the bending losses of LP01 and LP11 modes. 

• Propose a mode filter design based on a 90-degree fiber array. Simulate its 

characteristics, identify potential problems and corresponding solutions in the mode 

filter, and conduct a theoretical analysis. 

• Construct an experimental system using a 1060nm single-mode VCSEL and 

conventional single-mode fiber. Measure modal noise using an oscilloscope under 

continuous wave (CW) conditions, simultaneously testing the effectiveness of mode 

filters in reducing modal noise. Subsequently, compare and analyze the experimental 

results with the theoretical outcomes. 

• Based on the same experimental system, conduct data transmission experiments, and 

analyze the impact of modal noise on system transmission capabilities by measuring 

eye pattern. Simultaneously, assess the effect of the mode filters by comparing the 

quality of the eye patterns with and without the use of mode filters. 

• Expectations are to achieve 100 Gb/s transmission over a distance exceeding 1 km. 

 

1.4 Organization of the thesis 

� Chapter 1: Present the research background and previous research findings of the 

topic. 

� Chapter 2: Introduce the theory of optical fiber modes, analyze coupling losses 

caused by optical fiber connectors, and establish a dual-mode transmission model to 

analyze mode coupling through fiber connectors and calculate modal noise and the 

resulting power penalty. 

� Chapter 3: Present the principle of fiber bending loss, establish a simulation model 



Chapter 1 Introduction 

 

16 

 

based on conventional single-mode fiber and calculate bending loss. Design a 

bending loss measurement experiment, propose the method of lateral-offset splicing 

of optical fibers to excite LP11 mode, the excitation ratio of LP11 mode is calculated 

and measured. Compare and analyze the experimental results and measurement 

results of fiber bending loss. 

� Chapter 4: Propose a mode filter design based on a 90-degree fiber array. Predict the 

effect of this scheme through simulation and validate it through experiments. Analyze 

the issues of coupling loss that may be caused by fiber bending, and propose possible 

solutions to reduce coupling loss and evaluate their effects. 

� Chapter 5: Establish an experimental system based on a 1060nm single-mode 

VCSEL and conventional single-mode fiber. Measure the modal noise and power 

penalty in the system under both continuous wave (CW) and OOK-NRZ modulation. 

The effect of the mode filter is also validated in the experiment. Compare and analyze 

the experimental results with the theoretical calculations. 

� Chapter 6: Discuss the prospects of optical communication systems based on 

1060nm single-mode VCSEL and conventional single-mode fiber, and summarize 

the thesis will be concluded. 
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Fig 1-9 Organization frame of the thesis 
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Chapter2 

Modeling of standard single-mode fiber transmission 

using 1060nm VCSELs 
 

In this chapter, we commenced by elucidating the theory of light transmission and mode 

theory in step-index refractive index fibers. Subsequently, we established a transmission 

model for 1060nm light predicated on conventional single-mode fiber and scrutinized the 

issue of crosstalk in this system instigated by mode coupling. We derived the expressions 

depicting the variation of optical intensity during the transmission process. Our attention 

was particularly riveted on the modal noise engendered by crosstalk and the power 

penalty engendered by this modal noise, leading us to perform corresponding analyses 

and computations. Concurrently, we advocated the utilization of a mode filter as a remedy 

to the crosstalk issue, and conducted pertinent analyses and calculations to quantify its 

efficacy. 

 

2.1 Optical fiber mode theory 

2.1.1 Principle of light transmission in fiber 

Step-index fibers are a type of optical fiber with a uniform refractive index within the 

core and a sharp decrease in the refractive index at the cladding. As shown by Fig.2-1. 

The refractive index of core and cladding is presented as 𝑛, and 𝑛-, respectively. 
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Fig. 2-8 Step-index fiber refractive index distribution 

This configuration enables light to travel in almost straight lines, or modes, along the fiber. 

Understanding the theory behind this light transmission provides key insights into the 

design, application, and optimization of fiber optic communications systems. 

The fundamental principle governing light transmission in step-index fibers is total 

internal reflection. As shown in Fig.2-2 

 

Fig. 2-2 Total internal reflection 
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When light travels from a medium with a higher refractive index (𝑛,) to a medium with 

a lower refractive index (𝑛-), and the incidence angle exceeds a critical angle (𝜃.), the 

light will be totally internally reflected. This phenomenon can be described by Snell's law: 

𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2 (2 − 1) 

where 𝜃, is the incidence angle and 𝜃-is the refraction angle. The critical angle (𝜃.) is 

derived when 𝜃- equals 90 degrees, which gives: 

𝜃. = arcsin
𝑛-
𝑛,

(2 − 2) 

In step-index fibers, the core (with refractive index 𝑛,) and the cladding (with refractive 

index 𝑛-) play crucial roles. If the incidence angle (𝜃,) is greater than the critical angle 

(𝜃.), light will propagate along the fiber through total internal reflection. 

When light is coupled into the fiber from air at an incidence angle 𝜃/. Suppose 𝜃/ just 

satisfies the total reflection condition, i.e., 𝜃/ =
0
-
− 𝜃.. As shown in Figure 2-3.  

 

Fig. 9-3 Light propagation within the fiber 

It can be obtained: 

sin 𝜃/ = cos 𝜃. = C1 −
𝑛--

𝑛,-
= √2∆ (2 − 3) 
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In Eq.2-3, Δ is referred to as the relative refractive index difference of the fiber. 

∆=
𝑛,- − 𝑛--

2𝑛,-
≈
𝑛, − 𝑛-
𝑛,

(2 − 4) 

In the realm of weakly guiding fibers, given the close proximity between 𝑛, and 𝑛-, the 

portion following the approximation in Eq.2-4 remains valid. Upon examining the 

relationship between ∆, the incidence angle 𝜃/  from air, and the critical angle of total 

reflection 𝜃. , it is clear that a larger ∆ precipitates a smaller 𝜃. , signaling a stronger 

confinement of light within the fiber. 

 

2.1.2 Theoretical analysis of fiber optic modes 

 

Fig. 2-4 Wave transmission along fiber 

As demonstrated in Fig.2-4, the radial direction of the fiber is designated as the z-direction. 

Hence, when light propagates in the fiber, its wave vector k can be decomposed into 𝑘1 

along the propagation direction and 𝑘2 perpendicular to the propagation direction (for the 

sake of simplifying the discussion, we posit here that light is confined solely within the 

k-x plane, with no light in the y direction). Radially, the light will continue to transmit 

along the fiber until it reaches its terminus. In the transverse direction, light will ricochet 

between the upper and lower interfaces of the core. Stable oscillations can only be 

established when the light ricocheting in the transverse direction can form standing waves, 

as depicted in Fig.2-5. 
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Fig. 2-5 Different order of mode in fiber 

Only light that meets a specific incidence angle can satisfy the transverse resonance 

condition and form standing waves [1]. The formula is expressed as shown in Eq.2-5 

2𝑘2𝑑 + 2𝜑-(𝜃,) = 2𝑚𝜋 (2 − 5) 

In the given formula, 𝑑  denotes the core diameter. 𝜑-(𝜃,)  signifies the phase shift 

incurred as the light reflects at the core-cladding interface, a function connected to the 

incidence angle 𝜃,. If the light reflects back-and-forth transversely for a complete period 

and the phase change is integral multiple of 2π, a stable standing wave can be established, 

termed as transverse resonance. 

When m = 0, a single antinode exists within the fiber, corresponding to the condition 

where the mode present in the fiber is identified as the fundamental mode (LP01). 

Conversely, when m = 1, the system exhibits two antinodes, resulting in the classification 

of the mode as the first-order higher-order mode (LP11), and the pattern extends in similar 
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fashion for increasing values of m. 

Distinct wave modes exhibit different transverse field (standing wave) distributions. 

Concurrently, due to varying 𝑘2, the propagation constant β = 𝑘2 also varies, implying 

that different wave modes possess distinct propagation constants, and thus, different 

transmission speeds. In specific scenarios, different modes might share the same 

propagation constant, a phenomenon known as degeneracy. Because the 𝜑-(𝜃,) of the 

transverse electric (TE) and transverse magnetic (TM) modes may not align, even when 

m is identical, their field distributions can vary, therefore corresponding to different 

modes. These modes are designated as TE_m and TM_m, with 'm' serving as a subscript. 

When the angle of incidence, 𝜃, , is less than the critical angle (𝜃. ) for total internal 

reflection, a part of the light refracts from the core into the cladding. As this light 

continues to travel along the fiber, its energy is depleted after undergoing multiple 

refractions. Such a wave pattern is referred to as a radiation mode. 

Within the same fiber, different wavelengths will result in different critical angles for total 

internal reflection. The larger the wavelength, the smaller the critical angle, and hence the 

fewer the guided modes that can be retained within the fiber. When the wavelength 

exceeds a certain value, only one mode, the fundamental mode, can exist in the fiber. That 

value is referred to as the cut-off wavelength for single-mode operation in that fiber. 

As previously discussed, the larger the fiber's relative refractive index difference (∆), the 

stronger its capacity to confine light, which implies that the fiber can support a greater 

number of modes. The quantity of modes supported within the fiber, besides being 

dependent on the light's wavelength and the difference in refractive indices, also relates 

to the size of the fiber. These factors can be articulated through a single equation. 
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V =
2𝜋𝑎
𝜆
S𝑛,- − 𝑛-- (2 − 6) 

EQ.2-6 is known as the fiber's normalized frequency (V), where '𝑎' is the radius of the 

fiber core. The relationship between the vector modes within the fiber and V can be 

reviewed in the following table. 

Table 2-1 Vector modes under different normalized frequencies 

V Vector Mode 

0 HE11x, HE11y 

2.405 TE01, TM01, HE21x, HE21y 

3.832 EH11x, EH11y, HE31x, HE31y 

5.136 HE12x, HE12y 

5.520 EH21x, EH21y, HE41x, HE41y 

6.380 TE02, TM02, HE22x, HE22y 

The x and y subscripts in the table correspond to identical vector modes with distinct 

polarization states. The quantity of vector modes supported varies with different 

normalized frequency values. When 0≤V<2.405, only two HE11 modes with different 

polarization states can be supported. For 2.405≤V<3.832, the fiber can support the initial 

two groups of vector modes indicated in Table 2-1. This pattern continues accordingly. 

Fig.2-6 illustrates a schematic of the first two groups of vector modes within the fiber [2]. 
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Fig. 2-6 Vector modes for 0≤V<3.832 

Vector modes are the product of a meticulous solution to the wave equation for the 

electromagnetic field within the step-index fiber, devoid of any approximations. Owing 

to the intricate distribution (both in magnitude and direction) and mathematical 

expression of the transverse field components of vector modes across the fiber's cross-

section, they are not advantageous for fiber problem analysis. 

In weakly guiding fibers, given the nearly identical refractive indices of the core and 

cladding, the critical angle for total internal reflection approximates 90 degrees. As a 

result, the trajectory of light propagation aligns almost parallel to the fiber axis, and the 

orientations of the electric and magnetic fields are nearly perpendicular to the fiber axis. 

Consequently, the distribution of the electromagnetic field within weakly guiding fibers 

approximates transverse electromagnetic (TEM) waves. Therefore, the vector mode of 

weakly guiding fibers can be simplified into linearly polarized (LP) modes. 

Figure 2-7 illustrates the process of the second group of vector modes (2.405≤V<3.832) 

degenerating into linearly polarized modes. The degenerated linearly polarized mode is 

known as the first order higher mode, LP11 mode. The LP11 mode is four-fold degenerate, 
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each with distinct 2-lobe intensity distributions and polarization directions. 

 

Fig. 2-7 The degeneration process of the LP11 mode 

The '+' and '-' in the figure represent constructive and destructive interference respectively. 

They will cause the intensity distribution of the resulting LP11 mode to present a 90-

degree rotation. The relationship between the linearly polarized mode and the normalized 

frequency (V) is shown in the following table. 

Table 2-2 Linearly polarized modes under different normalized frequencies 

LP mode V Degeneracy 

LP01 0 2 

LP11 2.405 4 

LP21 3.832 4 

LP02 5.136 2 

LP31 5.520 4 

LP12 6.380 4 

When V is less than 2.405, only the LP01 mode, also known as the fundamental mode, 

will be present, indicating that the system is in single-mode transmission. According to 

Eq.(2-6), employing a shorter wavelength in the same fiber will result in a larger value of 
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V. This is why the single-mode cut-off wavelength is specified in single-mode fiber 

product manuals. In other words, when the operational wavelength is below this value, 

the fiber will support higher-order modes. 

Given that the envisioned system in our study involves the transmission of light at a 

wavelength of 1060nm through conventional single-mode fibers with a cut-off 

wavelength of 1260nm, the calculated normalized frequency (V) resides between 2.405 

and 3.832. Consequently, this system contains both the fundamental mode (LP01) and the 

first high-order mode (LP11). 

 

2.2 Two-modes transmission model and effect of mode filter 

 

2.2.1 Mode coupling and expression derivation in 2-mode transmission 

Mode coupling within optical fibers denotes the process whereby energy migrates from 

one propagating mode to another [3]. This phenomenon significantly determines the 

operational behavior of the fiber, impacting crucial performance attributes such as 

dispersion, bandwidth, and holistic system capacity. 

The genesis of mode coupling lies in mismatches within the modal field of the optical 

fiber. A multitude of factors such as pressure variations, bending, temperature fluctuations, 

impurities within the fiber, and refractive index aberrations induced by manufacturing 

processes can catalyze inconsistencies in the modal field, thus instigating mode coupling. 

Nevertheless, the mode coupling engendered by the aforementioned factors is 

comparatively minute and is frequently considered an ideal state, hence disregarded. In 

optical fiber transmission systems, the most prevalent and significant location for mode 

coupling manifestation is at the fiber connection points, such as fiber connectors or fiber 
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fusion splices. 

The reasons for mode coupling at the connection point can be divided into two categories. 

The first is connecting fibers with different mode field diameters, such as multimode 

fibers with larger mode fields and single-mode fibers with smaller mode fields [4]. The 

difference in mode field size will inevitably lead to a mismatch in the mode field, resulting 

in coupling. The second is imperfect connections of the fiber [5]. For instance, the 

longitudinal gaps, angles, and lateral displacements between the two end faces at the 

connection point can all lead to mode coupling, as depicted in the following figure. 

 

Fig. 2-8 The origins of mode coupling in the fiber connection 

Among the three reasons shown in Fig.2-8, the coupling caused by lateral offset far 

exceeds the other two. Hence, in this study, we assume that mode coupling is solely 

induced by the lateral offset at the fiber junctions. 

As previously mentioned, the focus of this study lies on an optical communication system 

that integrates a 1060nm single-mode VCSEL with conventional single-mode fibers. Two 

modes, LP01 and LP11, are concurrently supported within the fiber. Consequently, mode 

coupling triggers a certain degree of energy transfer, oscillating between the LP01 and 
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LP11 modes [6]. The process is illustrated in the following diagram. 

 

Fig. 2-9 Mode coupling process between LP01 and LP11 

Taking an optical system that only includes two imperfect fiber connectors (with coupling 

efficiency less than 100%) as an example, we assume the incident light is the fundamental 

mode (LP01), and mode coupling only occurs within the fiber connectors. 

Upon reaching the first fiber connector (#1), the incident LP01 mode signal light (𝐼3,_4) 

is subjected to coupling loss, resulting in the dissipation of a portion of its energy. This 

dissipated energy is converted into the LP11 mode, generating the LP11 mode crosstalk 

light (𝐼,,_5, ). Consequently, 𝐼,,_5,  and 𝐼3,_4  transmit from the first connector to the 

second in unison. Upon encountering the second connector, the signal light once more 

undergoes coupling loss, engendering an additional LP11 crosstalk light ( 𝐼,,_5- ). 

Simultaneously, the 𝐼,,_5, originating from the first connector also experiences coupling 

loss at the second connector, with the energy lost from this loss being recoupled back into 

the LP01 mode (𝐼3,_5). 

It is crucial to underscore that the LP11 mode and LP01 mode harbor different 

propagation constants, hence facilitating disparate propagation speeds within the fiber [7]. 

This distinction in propagation speeds subsequently engenders a differential in delay for 
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the same transmission distance. The LP01 light engendered by the loss of LP11 crosstalk 

light (𝐼,,_5, ) inherits the same delay difference with the signal light, thus it is also 

characterized as crosstalk light (𝐼3,_5), with the potential to impart detrimental effects on 

the system [8]. Figure 2-9 exclusively portrays a scenario featuring two connectors. 

However, should the optical path encompass more connectors, additional crosstalk light 

components would be generated. 

In order to furnish a quantitative estimation of mode coupling and the corresponding 

intensity variation within this system, we made several plausible assumptions regarding 

the system, and subsequently derived expressions for each light component (signal light, 

LP11 crosstalk, and LP01 crosstalk) throughout transmission. Additionally, we performed 

quantitative calculations, employing reasonable system parameters for reference. The 

derivation process is depicted in the subsequent figure. 

 

Fig. 2-10 Derivation process and expressions for each light component (LP01 signal, 

LP11 crosstalk and LP01 crosstalk) during transmission 

Within this system, the following assumptions are posited: 
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Firstly, it is conjectured that the signal light emitted by the laser is solely the fundamental 

mode (LP01), and its power is normalized to unity. 

Secondly, it is commonly observed that the lateral offset of the fiber connector falls below 

1um [9-11]. At such a diminutive level of lateral offset, the coupling loss associated with 

both the LP01 and LP11 modes is relatively insignificant, thereby warranting the 

assumption that both modes bear an equivalent degree of coupling loss, denoted as 𝜂. 

Thirdly, in many previous studies, it was assumed that 100% of the energy lost due to 

coupling between LP01 and LP11 modes was converted to the other mode. We simulated 

the coupling losses and the proportion of LP11 and LP01 modes excited for both LP01 

and LP11 mode incidence, as shown in the following diagram. According to the 

simulation result, below an offset of 1μm, almost all the energy lost during LP01 

incidence indeed converts to the LP11 mode. However, when LP11 is incident, only about 

20% of its lost energy converts to LP01 mode light. The remaining 80% of the lost energy 

is emitted out of the fiber in the form of radiation modes. This means that in optical fibers, 

the crosstalk light is predominantly in the LP11 mode. 
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Fig. 2-11 Excitation efficiency of the 2 modes for both LP01 and LP11 incidence 

Fourthly, it is presupposed that the fiber connectors are uniformly distributed along the 

optical path, with the length of each segment denoted as 𝐿. Additionally, the transmission 

loss has been factored into our calculations. The transmission losses experienced by the 

LP01 mode and the LP11 mode are denoted as 𝐴3, and 𝐴,,, respectively, where the units 

are expressed in dB/km. Accordingly, after propagation over a length 𝐿, the associated 
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attenuation for the LP01 and LP11 modes is quantified as𝐴3,𝐿 and 𝐴,,𝐿 respectively. For 

simplicity in calculations, we convert these attenuation measurements from dB to ratio 

format, represented by 𝛼3, and 𝛼,,. This provides a more convenient form for subsequent 

analysis and calculation in the propagation system. 

Furthermore, we have also considered the reflection of fiber connectors. Generally, the 

reflected light is typically less than -50dB, so it can be considered negligible. 

In Fig.2-10, we employ different colors to distinguish between various light components 

for the sake of clarity. The signal light (LP01) is written in black, LP11 crosstalk in blue, 

and LP01 crosstalk in red. We will now proceed with a step-by-step analysis of the 

changes in light energy within this system. 

Based on the stipulated assumptions, when the LP01 mode signal light first reaches the 

fiber connector #1, it undergoes a decrease in power to 𝛼3, as a result of attenuation. As 

it traverses through the first connector, it experiences coupling loss, which further 

decreases its optical power to 𝛼3,𝜂. Simultaneously, the energy lost is transformed into 

crosstalk light in the LP11 mode, which proceeds to propagate within the fiber with a 

magnitude of 𝛼3,(1 − 𝜂). 

Following this, both the LP01 mode signal light and the LP11 mode crosstalk light 

traverse a distance 𝐿  to arrive at the second connector (#2). As they have different 

transmission losses, by the time they reach the second connector, the power of the LP01 

mode signal light has been reduced to 𝛼3,- 𝜂 , while the LP11 mode crosstalk light is 

reduced to 𝛼3,𝛼,,(1 − 𝜂). Both the LP01 signal and LP11 crosstalk components undergo 

coupling loss 𝜂 at the second connector. This coupling loss induces the generation of a 

second LP11 crosstalk light from the LP01 mode signal light and the creation of LP01 

crosstalk light from the first LP11 crosstalk light. Consequently, at this juncture, there are 
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a total of four distinct light components present in the system: the LP01 mode signal light, 

two separate LP11 crosstalk lights, and one LP01 crosstalk light. Their expressions are 

denoted in Fig.2-10. 

In the progression of our analysis, when these light components reach the third connector, 

they once again induce the generation of new LP01 and LP11 crosstalk lights. The 

corresponding expressions for these are indicated in Fig.2-10. However, it is crucial to 

note that while the coupling loss 𝜂 of the LP01 crosstalk light is calculated as it passes 

through the connector, we have disregarded the LP11 light generated by the coupling loss 

of this LP01 crosstalk light. The rationale behind this omission lies in the fact that our 

assumed value of 𝜂 is quite high, exceeding 90%. The LP11 crosstalk generated by LP01 

crosstalk and signal has coefficient of (1 − 𝜂)6  and (1 − 𝜂), respectively. Therefore, 

there is a difference of over 100 times between the two. If the system has more than 8 

connectors, the LP11 crosstalk generated by LP01 crosstalk becomes significant for 

calculation. However, for transmission distances within 2 km in large-scale data centers, 

there won't be as many connectors on a single optical path. Therefore, neglecting the LP11 

crosstalk will not have any impact on the calculation. 

Finally, after these light components have propagated an additional distance 𝐿, they reach 

the optical receiver, marking the completion of the transmission process. 

When the number of fiber connectors within the system is increased to a total of 𝑁, it 

becomes possible to derive general formulae that depict the overall optical intensity of 

the various components of light within the system. These include the LP01 mode signal 

light, the LP11 mode crosstalk light, and the LP01 mode crosstalk light. The derivations 

of these formulae are given as Equations 2-7, 2-8, and 2-9 respectively. These equations 

provide a comprehensive understanding of how the optical intensity of different light 
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components varies as a function of the number of fiber connectors in the 

system.

𝐼7/89:; = 𝛼3,<=,𝜂<𝐼/9 (2 − 7) 

𝐼>?,, = (𝛼3,< 𝛼,, + 𝛼3,<@,𝛼,,- +⋯+ 𝛼3,𝛼,,< )𝜂<@,(1 − 𝜂)𝐼/9 (2 − 8) 

𝐼>?3, = 0.2 ∙ [(𝑁 − 1)𝛼3,< 𝛼,, + (𝑁 − 2)𝛼3,<@,𝛼,,- +⋯+ 𝛼3,- 𝛼,,<@,]
∙ 𝜂<@-(1 − 𝜂)-𝐼/9 (2 − 9)

 

In the aforementioned general formulas,	𝐼/9 symbolizes the light intensity of the incident 

signal light. After progressing through 𝑁 fiber connectors, a total of 𝑁 instances of LP11 

crosstalk light and 𝑁(𝑁 − 1) 2⁄  instances of LP01 crosstalk light will be present within 

the system. These bear different time delays in relation to the signal light. To provide 

clarity, let's define a situation where the LP01 mode and the LP11 mode concurrently 

depart from the Nth connector and traverse through a fiber of length 𝐿 to the N+1th 

connector. In this scenario, a time delay 𝜏 is observed between the arrival times of the 

LP01 and LP11 modes. The illustration of this concept is depicted in the ensuing figure. 

 

Fig.2-12 Time delay between LP01 and LP11 after propagating along same distance 

In our model, given that the connectors are uniformly distributed along the optical path, 

the time delay between each crosstalk component and the signal light is an integer 

multiple of 𝜏. Upon derivation, this multiple is found to equate to the power of the 𝛼,, 

coefficient within each crosstalk component. This observation stems from the fact that 

only the transmission of the LP11 mode results in a change in the time delay relative to 

the signal light. The earlier the LP11 crosstalk is generated, the longer its path of travel 
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along the optical fiber, and hence, the greater its time delay relative to the signal light. 

Conversely, the LP01 crosstalk travels at the same speed as the signal light. Thus, 

regardless of the point of origin of the LP01 crosstalk, its subsequent propagation does 

not increase the time delay relative to the signal light. 

Both LP11 and LP01 crosstalks can have detrimental effects on the system, inducing 

issues such as modal noise and dispersion, leading to a reduction in the system's data 

transmission capacity. To mitigate these effects, a simple yet effective solution is the 

introduction of a mode filter at the terminus of the system to eliminate the LP11 mode. 

To some extent, this approach can alleviate the damage imparted by the system. The 

effectiveness of the mode filter will be illustrated in forthcoming sections through 

quantitative calculations. 

 

2.2.2 Calculation of modal noise w/ and w/o mode filter 

The deleterious effects of crosstalk light on the system are principally manifested in the 

noise it introduces. A time delay exists between the LP01 crosstalk and the signal light 

(LP01), as well as amongst LP11 crosstalk components. This leads to interference, 

engendering fluctuations in light intensity. As previously mentioned in Chapter 1, this 

form of intermodal interference transduces the phase noise of the laser into intensity noise, 

a phenomenon referred to as modal noise. This is illustrated in the ensuing figure. 
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Fig. 2-13 Modal noise induced by interference 

The expression for the optical field is defined as follows: 

𝐸/ = 𝐴/ cos[𝜔3𝑡 + 𝜑/(𝑡)] (2 − 10) 

In this expression, 𝐴/  represents amplitude, and 𝜔3  symbolizes the optical frequency. 

𝜑/(𝑡) signifies its phase; given that the laser has phase noise, the phase is a function of 

time. Its light intensity satisfies	𝐼/ = |𝐴/|-. When two lights of the same frequency, with 

light intensities 𝐼, and 𝐼- respectively, interfere, the light intensity after interference can 

be expressed as: 

𝐼 = |𝐸,𝐸-|- = 𝐼, + 𝐼- + 2k𝐼,𝐼- cos[𝜔3𝜏 + 𝜑(𝑡, 𝜏)] (2 − 11) 

The third term in the equation is the interference term. As one can see, the phase difference 

in interference is affected by the phase noise of the laser [12], including a random factor 

𝜑(𝑡, 𝜏) related to the time delay. This factor is assumed to have a Gaussian probability 

distribution function. 

𝑃(𝜑) =
1

√2𝜋𝜎A(𝜏)
𝑒

@A#
-B$# (D) (2 − 12) 

Indeed, as the phase difference in interference, affected by phase noise, is a random 
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variable, it leads to random changes in interference intensity, forming intensity noise. The 

power spectrum of the noise, 𝑃(𝑓), can be obtained by performing a Fourier transform 

on its autocorrelation function. Here, the autocorrelation function, 𝑅(𝑡, 𝜏), is defined as 

follows [13]: 

𝑅(𝑡, 𝜏) = 2𝐼,𝐼- r
𝑒@B$# |G|s1 + cos(2𝜔3𝜏) 𝑒@-B$

#(D@|G|)t				|𝑡| < 𝜏
𝑒@B$# (D)[1 + cos(2𝜔3𝜏)]				|𝑡| > 𝜏

(2 − 13) 

Where 𝜎A-(𝜏) is the variance of the phase noise, satisfying 𝜎A-(𝜏) = 2𝜋∆𝑓 ∙ 𝜏. Here, ∆𝑓 is 

the linewidth of the laser. 

Next, by performing a Fourier transform on 𝑅(𝑡, 𝜏) and removing the DC component, the 

power spectrum can be obtained as follows: 

𝑃(𝑓) =
4𝐼,𝐼-
𝜋 w

∆𝑓
𝑓- + (∆𝑓)-x	

∙ y
sin-(𝜔3𝜏) ∙ [1 + 𝑒@H0∆JD − 2𝑒@-0∆JD cos(2𝜋𝑓𝜏)] +

cos-(𝜔3𝜏) ∙ w1 − 𝑒@H0∆JD − 2𝑒@-0∆JD ∙
∆𝑓
𝑓 sin(2𝜋𝑓𝜏)x

z (2 − 14) 

The noise 𝜎,,--  can be obtained by integrating the power spectrum over the receiver 

bandwidth. For high-speed transmission systems, if the bandwidth is much larger than the 

laser linewidth ∆𝑓, a larger integral result will be achieved. In our system, the linewidth 

of the 1060nm single-mode VCSEL laser used is below 30MHz, while the system 

bandwidth exceeds 20GHz. Under these conditions, the integral of the power spectrum 

𝑃(𝑓) can be approximated as follows: 

𝜎,,-- ≈ { 𝑃(𝑓)𝑑𝑓
L

3
= 2𝐼,𝐼-(1 − 𝑒@H0∆JD)																𝜔3𝜏 = |𝑛 +

1
2} 𝜋 (2 − 15𝑎) 

𝜎,,-- ≈ { 𝑃(𝑓)𝑑𝑓
L

3
= 2𝐼,𝐼-(1 + 𝑒@H0∆JD − 2𝑒@-0∆JD)						𝜔3𝜏 = 𝑛𝜋 (2 − 15𝑏) 

Eq.2-15a and Eq.2-15b respectively provide the upper and lower noise boundaries in 

circumstances where interference occurs in quadrature and in-phase conditions. In reality, 

the extent of interference also depends on the polarization directions of the two light 
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waves. However, for the purposes of this study, we assume that the polarization directions 

of the interfering lights are consistent. This simplification allows us to calculate the 

maximum noise to estimate the worst-case scenario for the system [15]. 

As depicted in Fig.2-13, our system experiences interference and subsequent noise from 

both LP01 and LP11 mode lights. Therefore, by substituting Eqs. 2-7 through 2-9 into Eq. 

2-15a, we can calculate the maximum noise induced by crosstalk. For the LP01 mode, 

𝐼,=𝐼7/89:; represents the signal light, and 𝐼- = 𝐼>?3,_/ represents any LP01 crosstalk light. 

For the LP11 mode, 𝐼, and 𝐼- respectively represent any two different LP11 crosstalks, 

denoted as 𝐼>?,,_M  and 𝐼>?,,_9 . Simultaneously, the time delay differences 𝜏/  (LP01 

mode) and 	|𝜏M − 𝜏9| (LP11 mode) will replace the original variable 𝜏 in Equation 2-15a. 

It's important to note that LP01 crosstalk light can also interfere with each other. However, 

given its relatively small magnitude, it can be ignored. The equations representing the 

noise generated by the LP01 and LP11 modes are as follows: 

𝜎3,- = 2𝐼7/89:;𝐼>?3,_/ ∙ (1 − 𝑒@H0∆JD%)	

= 2𝐼/9- �(𝑁 − 𝑖)𝛼3,-<=-@/𝛼,,/ ∙ 𝜂-<@-(1 − 𝜂)-
<@,

/N,

∙ (1 − 𝑒@H0∆JD%) (2 − 16)

 

𝜎,,- = 2𝐼>?,,_M𝐼>?,,_9 ∙ �1 − 𝑒@H0∆J|D&@D'|�	

= 2𝐼/9- � 𝛼3,
-<=-@(M=9)𝛼,,M=9 ∙ 𝜂-<@-(1 − 𝜂)-

<

MO9

∙ �1 − 𝑒@H0∆J|D&@D'|� (2 − 17)

 

Here we will assume specific parameters within the system to compute the extent of 

modal noise. Calculations will be performed for scenarios both with and without the use 

of a mode filter. The parameters assumed for these computations are listed in the 

following table: 
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Table 2-3 Parameters used in modal noise calculation 

Segment length L (km) 0.4 

Connector number N 4 

LP01 attenuation 𝛼3, (dB/km) 0.8 

LP11 attenuation 𝛼,, (dB/km) 4 

Time delay between LP01/LP11 τ (ps/m) 0.4 

Coupling efficiency of connector η 0.93 

In current large-scale data centers, the transmission distance of optical cables can extend 

up to 2 km. While structured cabling systems utilized improve flexibility, they 

simultaneously introduce more connection points into the optical path. As discussed in 

Chapter 1, we set the transmission distance in our model to 2 km, incorporating 4 optical 

fiber connectors. The attenuation of the LP01 and LP11 modes, along with the time delay 

difference between them, are theoretical values acquired from reference papers and 

relevant materials [15-17]. The coupling efficiency (𝜂) of the fiber connector is based on 

our simulation results, assuming a lateral offset of 1μm, which results in a coupling 

efficiency of 93%. A detailed explanation of the lateral-offset splicing simulation will be 

provided in the subsequent chapter. 

In the model of the mode coupling process discussed in the previous section, we assumed 

that the optical fiber connectors are uniformly distributed along the optical path. 𝑁 

connectors will divide the fiber into 𝑁 + 1 segments, each with a length of 𝐿. Therefore, 

according to the data in the table above, L=0.4km. Given that the linewidth of the laser 

varies inversely with its output power, these parameters can be substituted into Eq.2-16 

and Eq.2-17 to derive the noise-linewidth curve of the system. The results are depicted in 

the following figure: 
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Fig. 2-14 Modal noise vs laser linewidth w/ and w/o mode filter 

Under linewidths ranging from 1 to 30 MHz, we calculated the modal noise both with 

and without the application of a mode filter. It can be observed that the deployment of a 

mode filter can mitigate modal noise by approximately 2.5dB through the elimination of 

the LP11 mode. This reduction can significantly enhance the bit error rate (BER) of the 

system, particularly in scenarios where the thermal noise within the system is low and 

modal noise serves as the primary contributor.  

 

2.2.3 Analysis of power penalty induced by modal noise 

In order to calculate the power penalty incurred due to modal noise within the system, it 

is first necessary to compute its impact on the system's BER. Let's assume that the 

modulation format is Non-Return to Zero-On Off Keying (NRZ-OOK). The levels of the 

"mark" and "space" signals transmitted are represented by 𝑖, and 𝑖3, respectively. The 
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Extinction Ratio (𝑟P) is defined as 𝑖, = 𝑟P𝑖3. We will assume a back-to-back connection 

between the transmitter and receiver, with no system loss. Further, let's assume that only 

thermal noise 𝜎3 exists within the system. Both the "mark" and "space" signals share the 

same thermal noise. Consequently, the decision level (𝑖Q) of the system is the average 

value of the "mark" and "space" signals, 𝑖Q = (𝑖, + 𝑖3) 2⁄ . The BER can be depicted as 

illustrated in the forthcoming figure: 

 

Fig. 2-15 The bit error rate of ideal transmission system 

The system’s BER can be expressed as: 

𝐵𝐸𝑅 =
1
4 𝑒𝑟𝑓𝑐 |

1
√2

𝑖, − 𝑖Q
𝜎3

} +
1
4 𝑒𝑟𝑓𝑐 |

1
√2

𝑖Q − 𝑖3
𝜎3

} (2 − 18) 

Since 𝑖, − 𝑖Q = 𝑖Q − 𝑖3 = (𝑖, − 𝑖3) 2⁄ , Eq. 2-18 can be simplified to: 

𝐵𝐸𝑅 =
1
2 𝑒𝑟𝑓𝑐 |

1
√2

𝑖, − 𝑖3
2𝜎3

} (2 − 19) 

Expressing 𝑖, and 𝑖3 in terms of 𝑖Q and 𝑟P. Then the 𝑄 value could be expressed as: 

𝑄 =
𝑖, − 𝑖3
2𝜎3

=
(𝑟P − 1)𝑖Q
(𝑟P + 1)𝜎3

(2 − 20) 

Therefore, the expression for thermal noise can be obtained as: 

𝜎3 =
(𝑟P − 1)𝑖Q
(𝑟P + 1)𝑄

(2 − 21) 

When considering the system's target BER, the required Q value can be determined. For 
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instance, when targeting a BER of 1 × 10@,- , the corresponding 𝑄  value would be 

approximately 7. Given this Q value and taking into account the extinction ratio (𝑟P), we 

can then compute the level of thermal noise present. 

In our data transmission system, the presence of coupling loss and modal noise has a 

detrimental impact. The signal received will be diminished due to losses, while the noise 

level will be augmented. This dynamic can be visualized in the following diagram: 

 

Fig. 2-16 Bit error rate after transmission along the fiber with imperfect connectors 

In this diagram, 𝑖,R  and 𝑖3R  represent the optical intensities of the "mark" and "space" 

signals, respectively, after incurring various transmission losses. Since the modal noise is 

a function of the input power, the noise associated with the "mark" and "space" signals 

no longer remains identical, hence denoted separately as 𝜎M and 𝜎7.  

Under these circumstances, the new optimal decision level (𝑖QR ) no longer equals the 

average of 𝑖,R  and 𝑖3R , as previously. Instead, it is co-determined by the intensities of the 

"mark" and "space" signals (𝑖,R  and 𝑖3R ) and their respective noise levels (𝜎M and 𝜎7). The 

equation that expresses this relation is: 

𝑖QR = 𝑖3R +
𝜎7

𝜎7 + 𝜎M
(𝑖,R − 𝑖3R )	
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=
𝑖,R𝜎7 + 𝑖3R𝜎M
𝜎7 + 𝜎M

(2 − 22) 

Based on the optimal decision level (𝑖QR ), the Q-value expressions of "mark" and "space" 

level have following relation: 

𝑖,R − 𝑖QR

𝜎M
=
𝑖QR − 𝑖3R

𝜎7
=

𝑖,R − 𝑖3R

𝜎7 + 𝜎M
(2 − 23) 

Therefore, the BER in this case will be expressed as: 

𝐵𝐸𝑅 =
1
4 𝑒𝑟𝑓𝑐 �

1
√2

𝑖,R − 𝑖QR

𝜎M
� +

1
4 𝑒𝑟𝑓𝑐 �

1
√2

𝑖QR − 𝑖3R

𝜎7
�	

=
1
2 𝑒𝑟𝑓𝑐 �

1
√2

𝑖,R − 𝑖3R

𝜎7 + 𝜎M
� (2 − 24) 

In Eq.2-24, the 𝑖,R  and 𝑖3R  could be express by Eq.2-7 with using 𝑖,  and 𝑖3  as 𝐼/9 , 

respectively. And since 𝑖,  and 𝑖3  could be expressed by 𝑟P  and 𝑖Q . Therefore, the 

expressions of 𝑖,R  and 𝑖3R  could be written as: 

𝑖,R = 𝛼3,<=,𝜂<𝑖, = 𝛼3,<=,𝜂<
2𝑟P
𝑟P + 1

𝑖Q (2 − 25) 

𝑖3R = 𝛼3,<=,𝜂<𝑖3 = 𝛼3,<=,𝜂<
2

𝑟P + 1
𝑖Q (2 − 26) 

As previously discussed, the LP01 and LP11 modes introduce modal noises 𝜎3,-  and 𝜎,,-  

into the system, respectively. The LP01 modal noise (𝜎3,- ), given its relation to the output 

signal, is differentiated into 𝜎3,_S-  and 𝜎3,_T-  for "space" and "mark" signals, 

correspondingly. Their expressions can be deduced from Eq.2-16 and Eq.2-17. In these 

equations, 𝐼7/89:;  should be substituted by 𝑖3R  and 𝑖,R  for "space" and "mark" signals, 

respectively. 

When examining the crosstalk expressions 𝐼>?3,  (Eq.2-9) and 𝐼>?,,  (Eq.2-8), both 

contain a common factor, 𝐼/9. In this context, 𝐼/9 should be replaced with the average level 

𝑖Q rather than 𝑖, and 𝑖3 differentiated based on "mark" and "space" levels. This approach 

is justified because, during data transmission, the "mark" and "space" levels are assumed 
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to be random with each accounting for 50% of the data. Further, a time delay exists 

between the crosstalk and the signal, implying that the crosstalk interfering with a given 

signal does not originate from the signal itself, but rather from multiple preceding signals. 

Consequently, 𝑖Q is employed to calculate the average crosstalk, and the expressions for 

the LP01 and LP11 modal noise are as follows: 

𝜎3,_S- = 2𝑖3R 𝑖Q �(𝑁 − 𝑖)𝛼3,<=,@/𝛼,,/ ∙ 𝜂<@-(1 − 𝜂)-
<@,

/N,

∙ (1 − 𝑒@H0∆JD%) (2 − 27)

 

𝜎3,_T- = 2𝑖,R 𝑖Q �(𝑁 − 𝑖)𝛼3,<=,@/𝛼,,/ ∙ 𝜂<@-(1 − 𝜂)-
<@,

/N,

∙ (1 − 𝑒@H0∆JD%) (2 − 28)

 

𝜎,,- = 2𝑖Q- � 𝛼3,
-<=-@(M=9)𝛼,,M=9 ∙ 𝜂-<@-(1 − 𝜂)-

<

MO9

∙ �1 − 𝑒@H0∆J|D&@D'|� (2 − 29)

 

Therefore, the total noise 𝜎M (mark) and 𝜎7 (space) in receiver could be written as: 

𝜎7 = S𝜎3- + 𝜎3,_S- + 𝜎,,- (2 − 30) 

𝜎M = S𝜎3- + 𝜎3,_T- + 𝜎,,- (2 − 31) 

Incorporating Eq.2-25, Eq.2-26, Eq.2-30, and Eq.2-31 into Eq.2-24, we can determine the 

system's bit error rate (BER), considering both the loss and modal noise. One 

straightforward approach to reducing the BER is by increasing the input power, with the 

ratio of increase termed the power penalty (𝛿). Consequently, the expression for BER, 

upon introducing the power penalty, can be modified as follows: 

𝐵𝐸𝑅 =
1
2 𝑒𝑟𝑓𝑐

⎣
⎢
⎢
⎡ 1
√2

𝛿(𝑖,R − 𝑖3R )

S𝜎3- + 𝛿-𝜎,,- + 𝛿-𝜎3,_M- +S𝜎3- + 𝛿-𝜎,,- + 𝛿-𝜎3,_7-
⎦
⎥
⎥
⎤

(2 − 32) 
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Indeed, since the modal noise (𝜎3,_S- , 𝜎3,_T-  and 𝜎,,- ) is correlated with the transmission 

power, they will also increase with the introduction of the power penalty. Therefore, when 

the magnitude of the modal noise equates to, or is less than, the level of thermal noise 

(𝜎3), introducing a power penalty can effectively reduce the BER. However, when the 

modal noise escalates to a point where it renders the thermal noise almost negligible, the 

system reaches its lower BER limit. At this point, enhancing the transmission power 

further no longer aids in reducing the BER. However, the use of a mode filter to eliminate 

the LP11 mode can remove the 𝜎,,-  term from the total noise, effectively reducing the 

BER. 

In order to compute the power penalty, in addition to the parameters that have already 

been defined in Table 2-3, we also need to presume the target BER, extinction ratio (𝑟P), 

and thermal noise. The values for each parameter are displayed in the following table: 

Table 2-4 Parameters for power penalty calculation 

Q value 
w/ FEC 2.678 

w/o FEC 7 

Extinction ratio 𝑟P (dB) 4 

Thermal noise (25Gb/s)  𝜎3 (dB) -20.9 

We've computed scenarios both incorporating and excluding Forward Error Correction 

(FEC). With the application of FEC, the system tolerates a maximal BER of 3.7e-3, 

correlating to the Q value of 2.678. In the absence of FEC, the system's acceptable BER 

peaks at 1e-12, translating to the Q value of 7. 

The Eq.5-3 was employed as a foundation to deduce the thermal noise. Herein, '𝑘' stands 

for Boltzmann's constant. '𝑇' symbolizes the temperature, which under ambient conditions, 

is 295K. It's predicated on an assumed resistance value, 𝑅J , of 500Ω. Under these 
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stipulated parameters, it becomes evident that the thermal noise escalates in conjunction 

with an increase in the system's bandwidth. 

𝜎3 = C
4𝑘𝑇𝐵
𝑅J

(5 − 3) 

Additionally, we operate under the assumption that the average power of the input signal 

is 1mW, and the system responsivity stands at 0.5A/W. Without factoring in attenuation, 

the photo-current is calculated at 0.5mA. Based on these premises, we postulate 

transmission rates at 50Gb/s, which correspond to minimum bandwidths of 25GHz. From 

our computations, the thermal noise amounts to -20.9dB. 

In the computational process, the initial step entailed calculating the minimum input 

power required to meet the system's maximal bit error rate criteria. Subsequently, by 

juxtaposing the minimum power values under varied conditions, we discerned the power 

penalty. The calculated penalties w/ and w/o using mode filter are depicted in the 

subsequent figure. 
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Fig. 2-17 Minimum power and power penalty w/ and w/o use mode filter of NRZ 

modulation for 2km transmission 

Figure 2-17 presents the computed results for a 2km transmission based on NRZ 

modulation. The three graphs positioned above pertain to the minimum power 

requirement. Among these, the grey line labeled "Only thermal" represents the minimal 

power required by the system when only considering thermal noise and transmission 

losses. Consequently, this value is independent of the laser linewidth. By subtracting this 

baseline value from the minimal power computed after introducing modal noise, the 

resulting difference represents the power penalty attributable to modal noise only. 

The calculations encompass both scenarios: with and without the use of a mode filter, 

under varying quantities of optical fiber connectors. It is observed that the power penalty 

required by the system significantly escalates with an increase in the number of 

connectors. In scenarios where mode filter is not employed, and the linewidth of the light 
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source is comparatively large, the system's BER floor exceeds the maximum permissible 

BER for transmission. This suggests that the system's transmission capability falls short 

of meeting the requirements. However, the application of a mode filter substantially 

mitigates noise, thereby reducing both the system BER and the power penalty. 

Employing the same computational methodology, we also calculated the power penalty 

associated with PAM4 modulation. Given the heightened sensitivity of PAM4 modulation 

to noise, the calculations distinctly accounted for scenarios both with and without 

Forward Error Correction (FEC). In these computations, the impact of varying distances, 

in addition to different numbers of connectors, was also considered. The results of these 

calculations are illustrated in Figures 2-18 and 2-19. 
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Fig. 2-18 The power penalty of PAM4 modulation w/o FEC 
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Fig. 2-19 The power penalty of PAM4 modulation w/ FEC 

It should be noted that in Fig.2-18, only the results for a transmission distance of 2km 

with four connectors are presented. This limitation arises because when the number of 

connectors exceeds four, the noise becomes so substantial that it precludes the derivation 

of valid computational results. 

A horizontal comparison across the charts in the figure reveals the impact of the number 

of fiber connectors on the results at the same transmission distance. Conversely, a vertical 

comparison shows the influence of transmission distance on the results for the same 
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number of connectors. It is evident that both an increase in the number of connectors and 

a longer transmission distance significantly amplify modal noise, leading to a steep rise 

in system power penalty until the Bit Error Rate (BER) exceeds its upper limit. Even in 

scenarios with Forward Error Correction (FEC), where the system's tolerable BER upper 

limit is substantially higher, the occurrence of BER exceeding this limit is still possible 

when the number of connectors surpasses four, and the transmission distance exceeds 

500m, particularly if the laser linewidth is broad. However, the use of mode filter, as 

demonstrated in Fig.2-19, effectively prevents BER from exceeding its limit in all cases, 

with the maximum power penalty being only about 2dB. 

Furthermore, the utilization of FEC introduces additional latency to the system and 

exhibits a diminished capability to combat packet loss. Consequently, FEC is not suitable 

for applications such as VoIP and video conferencing. In such scenarios, the system will 

be much more sensitive to modal noise as the results exhibited in Fig.2-18. Under such 

circumstances, the deployment of mode filter becomes more imperative.  
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Chapter3 

Design and characterization of fiber-based mode filter 
 

In addressing the modal noise concern elaborated in the preceding chapter, the application 

of a mode filter facilitates the nullification of the LP11 mode and the concomitant noise 

(𝜎,,- ) it proliferates within the system, hence significantly diminishing the system bit error 

rate and power penalty. An extensive analysis of various mode filters was undertaken in 

the Chapter 1, demonstrating their consistently superior performance. Nonetheless, the 

realization of these mode filters invariably necessitates specialized apparatus or processes. 

Consequently, they introduce additional expenditures and potentially incur non-trivial 

insertion losses. To circumvent this predicament, we put forward a mode filtering strategy 

predicated on the bent fiber principle. The ensuing discourse in this chapter will provide 

an in-depth exposition on the design and performance metrics of this proposed solution. 

 

3.1 Theoretical analysis and simulation of bending fiber 

Upon the incidence angle of light satisfying the condition for total internal reflection, the 

light will not incur losses due to refraction at the core-cladding interface. However, in 

circumstances where the optical fiber undergoes bending, the reflection angle of the light 

is subsequently altered at the bend. If the incident angle falls below the critical angle 

requisite for total internal reflection, a fraction of the light will deviate and scatter outward, 

engendering bending loss. This concept is visually delineated in the following figure: 
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Fig. 3-1 Light transmission in bent fiber 

Within an optical fiber, as opposed to the fundamental mode where energy is 

predominantly concentrated at the core's center, the energy of the higher-order modes 

tends to be positioned closer to the core's periphery [1]. When the optical fiber undergoes 

bending, the outermost energy is more prone to penetrate the cladding, thereby resulting 

in energy loss. Hence, given an identical bending radius, the bending loss experienced by 

higher-order modes markedly surpasses that of the fundamental mode. By judiciously 

selecting an appropriate bending radius and the number of windings, the higher-order 

modes can incur significant loss while the fundamental mode remains largely loss-free. 

To explore the bending loss characteristics of 1060nm light in conventional single-mode 

fibers, we employ Fimmwave software for modeling and simulation purposes. The 

schematic representation of the bent fiber model is depicted in the ensuing figure: 



 

63 

 

 

Fig. 3-2 Simulation model of bending fiber 

In the construction of the model, we drew reference from the SMF28-ULTRA fiber, a 

product of Corning Inc [2]. The diameters of the core and cladding measure 8.2μm and 

125μm respectively. As demonstrated in Fig.3-2, the morphology and size of the core 

within our model precisely mirror those of the SMF28-ULTRA. However, the cladding is 

conceptualized as a square, with each side measuring 30μm. This modification is 

premised on our experimental observations regarding the influence of the cladding's 

shape and size on the simulation outcomes. The region beyond the cladding is absorption 

boundary. Our findings indicate that, provided the cladding size exceeds 20μm, the effect 

on the results is minimal, irrespective of whether the cladding is circular or square. Thus, 

in the interest of enhancing computational efficiency, we diverged from the actual shape 

and size of the fiber cladding. The parameters incorporated within the model are 

elaborated in the table below: 

Table 3-1 Parameters of bending loss simulation model 

Core index (n1) 1.47 

Cladding index (n2) 1.4641 
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Core diameter (μm) 8.2 

Cladding size (μm) 30 

Δ 0.4% 

In the preceding chapter, we explicated the degeneracy of fiber modes. As depicted in 

Fig.2-7, the LP11 mode is four-fold degenerate. The orientation of the intensity 

distribution bifurcates the four degenerate states of LP11 into two categories: horizontal 

and vertical. Each category can be further sub-divided into x and y types based on the 

polarization direction. In the model portrayed in Fig.3-2, we designate the LP11 modes 

with the intensity distribution directions of horizontal and vertical as LP11_b and LP11_a, 

respectively. When coupled with their corresponding polarization directions, four 

permutations emerge: LP11_a_x, LP11_a_y, LP11_b_x, and LP11_b_y. The LP01 mode, 

bereft of any variance in the direction of intensity distribution, is classified solely into 

LP01_x and LP01_y, according to the polarization direction. The relevant distinctions are 

represented in the subsequent table: 

Table 3-2 Degeneracy-resolved LP mode profile 

Polarization LP01 LP11_a LP11_b 

x 

   

y 

   

In Fig.3-2, the bending occurs within the horizontal plane. Therefore, the bending loss of 

LP11_b will be higher than that of LP11_a [3]. Based on this model, we calculated the 

bending loss for bending radii ranging from 4mm to 16mm. The results are shown in the 
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following graph: 

 

Fig. 3-3 Simulation result of bending loss for both LP01 and LP11 mode 

The computational results reaffirm our expectations; at an equivalent bending radius, the 

bending loss of the LP11 mode significantly outstrips that of the LP01 mode. Moreover, 

when the bending radius exceeds 6mm, the bending loss of the LP01 mode falls below 

0.01dB/turn, rendering it negligible. Even within the realm where the bending radius is 

less than 8mm, LP11_a, which exhibits the lesser bending loss compared to LP11_b, still 

incurs a loss exceeding 10dB/turn. This substantial disparity in bending loss 

unequivocally ensures that the LP01 mode is retained while the LP11 mode is filtered out, 

laying the groundwork for a bent fiber-based mode filter. 

In devising a mode filter, one must weigh the bending losses of LP01 and LP11 modes 

against the constraints imposed by practical scenarios. For instance, if available space and 

the length of fiber reserved are limited, it may not be feasible to attain a larger bending 

radius and the requisite number of bending turns. In cases where a smaller bending radius 
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is sought, the mechanical reliability of the fiber must be taken into account to safeguard 

against potential damage such as fiber breakage due to tight bends [4]. Through our model, 

the mode filter can be designed to adapt to these varying circumstances, and its 

performance can be forecasted accordingly. 

 

3.2 Measurement of bending loss 

 

In this section, we will undertake the task of measuring the bending loss inherent to the 

conventional single-mode fiber. Through juxtaposing the measurement outcomes with the 

simulation results derived in section 3.1, we aim to ascertain the validity of our bending-

loss simulation model. The measurement of LP11 mode bending loss necessitates the 

initial generation of a stable, suitably intense LP11 mode light within the fiber to meet 

measurement requirements. To achieve this, we propose to excite the LP11 mode by 

splicing fiber with a lateral offset [5]. The efficacy of this approach has been both 

simulated and tested experimentally, details of which will be expounded in section 3.2.1. 

 

3.2.1 Simulation and experiment of lateral-offset spliced fiber 

The selective excitation of modes has been a subject of numerous studies, with 

approaches encompassing mode selective couplers [6], fiber Bragg gratings [7], and 

phase masks [8], among others. These methodologies exhibit high efficiency in the 

excitation of higher-order modes. However, it is undeniable that these techniques are 

intricate, necessitating the employment of specialized optical devices and the 

establishment of corresponding systems to effectuate their functions. 

In a 1060nm optical communication system predicated on conventional single-mode fiber, 
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even when the light source employed is a single-mode laser solely emitting the LP01 

mode, lateral offsets and other imperfections at the fiber connection points are inevitable. 

These faults trigger a coupling loss of the LP01 mode, thereby stimulating the LP11 mode. 

This phenomenon was delineated in detail in section 2.2.1. Consequently, we posit that 

by augmenting the lateral offset at the fiber connection point, a more pronounced 

excitation efficiency of the LP11 mode can be realized. We have simulated this strategy, 

and the schematic representation of the simulation model is as follows: 

 
Fig. 3-4 Simulation model of LP11 excitation by lateral offset splicing 

The structure and parameters of the simulation model draw upon the characteristics of the 

SMF28-ULTRA fiber. Since our focus is on the investigation of the impact of lateral offset 

on LP01 mode coupling loss and LP11 mode excitation efficiency, in contrast to the 

square cladding design implemented in section 3.1, we meticulously adhere to the fiber's 

parameters in this instance, representing the cladding as a circle with a diameter of 125μm. 

The settings for the refractive index mirror those in Table 3-1. The ensuing simulation 

outcomes are presented as follows: 
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Fig. 3-5 Simulation result of LP01 coupling loss and LP11 excitation ratio vs lateral 

offset at 1060nm (LP01 input only) 

In our simulation, the incident light is designated to be exclusively in the LP01 mode. 

The lateral offset at the fiber junction varies from 0 to 6μm. The blue curve in the graph 

symbolizes the coupling efficiency of the LP01 mode, the orange curve signifies the 

excitation efficiency of the LP11 mode, and the grey curve represents the aggregate 

efficiency of the two modes. The results for LP11 encapsulate the sum of all degenerate 

modes (LP11_a and LP11_b). 

Evidently, the coupling efficiency of the LP01 mode diminishes monotonically as the 

offset amplifies. Conversely, the excitation efficiency of LP11 initially increases, 

subsequently decreases, and attains its peak value at approximately 4μm offset. Given 

that our intention is to excite the LP11 mode via offset splicing of the fiber, the simulation 

results suggest that the offset should be managed at around 4μm. 

For the experimental component, we employed the Fujikura 90S+ fiber fusion splicer. 
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Fig. 3-10 Fujikura 90S+ fiber splicer [9] 

This device boasts an offset splicing feature, facilitating manual adjustment of the fiber 

offset. This adjustment can be performed by monitoring the position of the fiber as 

displayed on the screen, as depicted in the ensuing figure: 

 

Fig. 3-11 The image on the monitor of 90S+ splicer during fiber fusion 

Given our necessity to compare the coupling efficiency acquired from experimental 

measurements post-splicing with the simulation results, it's crucial to ascertain the precise 
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offset at the splicing juncture. Regrettably, this offset cannot be directly measured using 

a microscope or other such techniques. To circumvent this issue, we propose to indirectly 

glean the offset by measuring the coupling loss of light at 1310nm. This is premised on 

the fact that our simulation model is predicated on conventional single-mode fiber. At the 

operational wavelength of 1310nm, the fiber solely supports the LP01 mode. This 

stipulates that the energy loss within the fiber will not continue to propagate in the form 

of higher-order modes, and the loss of LP01 is tantamount to the system loss. 

Consequently, as long as we discern the relationship between coupling loss and offset at 

1310nm, we can determine the offset by measuring the system loss. 

Drawing from the model portrayed in Fig.3-4, we computed the relationship between the 

coupling efficiency of the LP01 mode and the lateral offset at 1310nm. The outcome is 

displayed as follows: 

 

Fig. 3-12 Simulation result of LP01 coupling vs lateral offset at 1310nm 

For the experimental phase, we utilized three 5m-long SMF28-ULTRA fibers. Initially, 
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they were each connected to a 1310nm single-mode laser, and the same power meter was 

employed to record the output power of each fiber. The fibers were subsequently severed 

and offset-spliced, adjusting the offset at the splice point to be as proximate to 4μm as 

feasible. The spliced fibers were then reconnected between the laser and the power meter, 

and the output power of each fiber was logged. The coupling efficiency at the splice point 

of each fiber can be derived by comparing the power pre- and post-splicing. The coupling 

efficiencies of these three fibers, ordered from highest to lowest, are 60%, 40%, and 35%, 

respectively. Referring to the results displayed in Fig.3-8, the offsets at the splice points 

of the three fibers are 2.9μm, 4.1μm, and 4.4μm, respectively. 

Given our knowledge of the offset of each fiber, the experiment at 1060nm could be 

executed. The experimental process and apparatus diagram is delineated as follows: 

 

Fig. 3-13 Experiment set-up and process for coupling efficiency measurement at 

1060nm 

Firstly, prior to severing the fiber, we measured its output power under a 1060nm single-
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mode laser, designated as 𝑃:. As visible, we incorporated a single bend in the fiber after 

the laser, with a bend radius of 10mm and it was wound 5 turns. As per the computation 

result displayed in Fig.3-3, this bend embodies a rejection ratio exceeding 20dB for the 

LP11 mode, but has no impact on LP01. Consequently, it can be assured that only the 

light in the LP01 mode continues to propagate in the fiber post-bending. 

Subsequently, we measured the output power post-offset fusion, denoted as 𝑃U . 𝑃U 

encompasses the power of LP01 and LP11 after coupling, and its ratio to 𝑃:  should 

conform to the grey curve (LP01+LP11) depicted in Fig.3-5. 

Lastly, following the splice point, the fiber is bent yet again with a radius of 10mm and 

wound 5 turns. In this circumstance, the LP11 mode is entirely filtered out, while the 

LP01 mode remains unaffected. Thus, the measured result, 𝑃., represents the power of 

LP01, and 𝑃U − 𝑃. represents the power of LP11. Their respective ratios to 𝑃: represent 

the blue (LP01) and orange (LP11) curves in Fig.3-5. The juxtaposition of the 

experimental results with the simulation results is illustrated in the ensuing figure: 
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Fig. 3-14 Comparison of measurement and simulation result about LP01 and LP11 

excitation efficiency under 1060nm 

As observed, the experimental outcomes under three distinct offset values correspond 

closely with their respective simulation results. This observation verifies the high degree 

of precision inherent in our simulation model. Concurrently, it also suggests that offset 

splicing can serve as an effective strategy for exciting the LP11 mode. When the offset is 

set at 4μm, the maximum excitation efficiency can approach nearly 40%. Furthermore, 

considering that at this juncture the total power (LP01+LP11) within the fiber constitutes 

merely about 70% of the incident light, it infers that at this point, the power of LP11 

makes up more than half of the total power (LP01+LP11). This proportion adequately 

fulfills our requirements for bending loss testing. 

 

3.2.2 Bending loss measurement and analysis 

Given that we utilize the approach of offset splicing to excite the LP11 mode, the LP01 
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and LP11 modes coexist within the fiber. When the fiber undergoes bending, potential 

losses could simultaneously impact both modes. In this circumstance, we must initially 

measure the bending loss of LP01 mode, following which we can compute the bending 

loss of the LP11 mode based on the measured total loss. The experimental setup and the 

corresponding process are outlined as follows: 

 

Fig. 3-15 Experiment set-up for bending loss measurement 

In this experiment, we continue to use the SMF28-ULTRA fiber. As we previously 

depicted in Fig. 3-9, we initiate a bend in the fiber with a radius of 10mm and repeat this 

for 5 turns after the light source, thus ensuring that only the LP01 mode light can 

propagate onwards. Fig. 3-11(a) and Fig. 3-11(b) are respectively employed to measure 

the bending loss of the LP01 and LP11 modes. The dashed circles within the figures 

represent the bending radius to be measured. In Fig. 3-11(b), the fiber is fused with a 

lateral offset of 4μm to attain the maximum excitation ratio of the LP11 mode. Due to the 

strong dependence of the LP11 mode's bending loss on the direction of its intensity 

distribution, we introduce a polarization controller post the fiber's splicing joint, serving 

as a mode rotator [10]. With the same testing radius, different bending loss values can be 
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recorded by adjusting the mode rotator to alter the intensity distribution direction of the 

LP11 mode. The maximum and minimum values of the loss correspond to LP11_b and 

LP11_a defined in Fig.3-3, respectively. 

Throughout the experiment, we choose several cylinders with varying radii as mandrels. 

By winding the fiber around them, we are able to achieve different bending radii. As 

shown in the following figure: 

 

Fig. 3-16 Schematic diagram of bent fiber 

Indeed, that's an important factor to consider. The SMF28-ULTRA fiber is enclosed 

within a protective sheath or cable. If we envision this cable as a uniform cylinder, its 

radius (𝑅.:U;P ) measures 0.45mm, as illustrated in Fig.3-12. Therefore, the effective 

bending radius of the fiber (𝑅PJJ) is equivalent to the sum of the radius of the mandrel 

(𝑅M:9VWP;) and the radius of the cable (𝑅.:U;P). This adjustment needs to be incorporated 

in our calculations to maintain accuracy. 

𝑅PJJ = 𝑅M:9VWP; + 𝑅.:U;P (3 − 1) 

The simulated results presented in Fig.3-3 demonstrate that when the bending radius 

surpasses 6mm, the bending loss associated with the LP01 mode can be considered 

negligible (less than 0.01dB/turn). Additionally, a bending radius smaller than 6mm could 
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potentially compromise the mechanical reliability of the fiber. Accordingly, in this 

experiment, we selected bending radii all greater than 6mm. The effective radii (𝑅PJJ) 

were chosen as 6.45mm, 10.45mm, 12.95mm, and 15.3mm. The loss of the LP01 mode 

under these bending radii was measured using the apparatus displayed in Fig. 3-11(a). 

The experimental observations revealed that irrespective of the number of turns, the fiber 

output power remained constant. This reinforces our simulation prediction that for a 

bending radius greater than 6mm, the bending loss of the LP01 mode is indeed negligible. 

This holds great implications for us as it signifies that when designing a mode filter, if 

system conditions can accommodate a bending radius greater than 6mm, it can assure that 

the mode filter will not incur any insertion loss. 

Moreover, the negligible loss of the LP01 mode indicates that when we measure the loss 

of the LP11 mode under these bending radii, the measured power loss is solely attributed 

to the LP11 mode. This simplifies our experimental procedure to determine the bending 

loss of the LP11 mode. 

The measurement of the bending loss of the LP11 mode was executed through the 

following sequence. Initially, no bending of the fiber was conducted after the mode rotator 

as depicted in Fig. 3-11(b). The total output power for both LP01 and LP11 modes was 

recorded as 𝑃X. Subsequently, the fiber was bent 5 turns with a radius of 10mm to filter 

out all LP11 modes. The measured power in this scenario was noted as 𝑃3,, symbolizing 

the power of the LP01 mode within the system. Therefore, the power of LP11 can be 

calculated as 𝑃X − 𝑃3,. Later, we wound the fiber n times with the testing radius and 

recorded the power at this time as 𝑃9. The bending loss of the LP11 mode (𝐵𝐿>?,,) could 

then be determined using the ensuing formula. 
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𝐵𝐿>?,, = C
𝑃X − 𝑃9
𝑃X − 𝑃3,

'
(3 − 2) 

The formula in decibel form is: 

𝐵𝐿>?,,(𝑑𝐵 𝑡𝑢𝑟𝑛⁄ ) = 10𝑙𝑜𝑔	(𝐵𝐿>?,,) (3 − 3) 

In accordance with the aforementioned procedure, and through the deployment of the 

mode rotator, we gauged the bending loss of LP11_a and LP11_b under the effective 

bending radii (𝑅PJJ) of 6.45mm, 10.45mm, 12.95mm, and 15.3mm, respectively. The 

recorded results were subsequently juxtaposed with the simulated results showcased in 

Fig.3-3, as illustrated in the ensuing figure: 

 

Fig. 3-17 Comparison of measurement and simulation results for LP11 bending loss 

In each bending radius, multiple measurements were conducted, and the overall 

experimental results closely align with the simulation results depicted in Fig.3-13. 

However, it should be noted that at smaller bending radii, the bending loss of LP11_b 

becomes extremely large. Even slight changes in the bend angle can lead to significant 
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power fluctuations, resulting in a relatively larger margin of error in the experimental 

results. 

The bending loss measurement experiment effectively validated the reliability of our 

simulation model. By utilizing our model, we can confidently design a bending fiber 

mode filter and accurately predict its effectiveness. This is of utmost importance for data 

transmission systems reliant on conventional single-mode fiber and 1060nm single-mode 

VCSEL lasers. 
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Chapter4 

Design and characterization of 90-degree fiber array 

based compact mode filter 
 

Based on our analysis and experimental findings, bent fiber emerges as an ideal solution 

for high-order mode filtering. However, this approach does come with certain limitations. 

In cases where practical conditions cannot accommodate a large bend radius or multiple 

bending turns, the fiber may need to be bent with a smaller radius. Unfortunately, the 

smaller the bending radius, the higher the stress exerted on the fiber, thereby increasing 

the likelihood of fiber breakage or other forms of damage. Consequently, it is imperative 

to explore new solutions to address situations involving small-radius bending. 

In general, 90-degree fiber arrays exhibit very small bend radii. During their 

manufacturing process, the fiber is heated to approximately 1300 degrees Celsius, which 

is around the glass softening point [1]. Bending the fiber at a small radius under these 

conditions can circumvent the generation of stress, thereby safeguarding the fiber against 

damage. By selecting an appropriate type of fiber and bend radius during the fabrication 

of the fiber array, it is possible to achieve the automatic functionality of a mode filter, as 

illustrated in the following figure: 
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Fig. 4-1 90-degree fiber-array based mode filter 

Furthermore, if the 90-degree fiber array can fulfill both light transmission and mode 

filtering functions, there would be no necessity to introduce additional mode filters into 

the optical communication system. This would not only lead to cost reduction but also 

obviate insertion losses associated with other devices. 

Moving forward, we will undertake simulations and experiments involving three different 

types of fibers to elucidate the characteristics of the most suitable fiber for constructing 

fiber arrays with mode filtering capabilities. 

 

4.1 Simulation of bending loss for three different kinds of fiber 

We have defined three types of fibers for our study: fiber_A, fiber_B, and fiber_C. These 

fibers adhere to the G.652-D, G.657-A1, and G.657-B3 standards, respectively, as 

established by the ITU-T [2]. The primary distinction among them lies in their bending 

sensitivity. Specifically, G.652-D exhibits the highest bending sensitivity, followed by 

G.657-A1, while G.657-B3 has the lowest. Consequently, under identical bending radii 

and angles, these fibers will manifest varying degrees of bending losses. 
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To accommodate these standards, we have devised distinct structures and parameters for 

the simulation models of fibers A, B, and C. Fiber_A and fiber_B are step-index fibers, 

featuring different parameters, while fiber_C is a trench-index fiber. Here is a concise 

overview of each fiber: 

Firstly, let's consider fiber_A and fiber_B. The refractive index distributions and cross-

sectional structures of their simulation models are depicted in the ensuing figure. As 

expounded in Section 3.1, for the sake of computational convenience, we have designed 

the cladding section in a square shape. As long as the side length of the square is 

sufficiently large, its shape will not impact the simulation results. 

 

Fig. 4-2 Schematic diagram of simulation model for fiber_A and fiber_B 

The parameters of the fiber_A and fiber_B models are shown in the following table: 
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Table 4-1 Parameters used for fiber_A and fiber_B 

 fiber_A fiber_B 

n1 1.47 

n2 1.4647 1.4641 

∆ 0.36% 0.4% 

d1 (μm) 9 8.2 

d2 (μm) 30 

In order to meet the stringent requirements of the G.657-B3 standard, fiber_C adopts a 

trench-type structure that possesses enhanced field confinement capabilities [3]. The 

schematic diagram of this structure is presented in the following figure: 

 

Fig. 4-3 Schematic diagram of simulation model for fiber_C 

The trench-type fiber, owing to the inclusion of a low refractive index layer (n3), 
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facilitates a higher degree of light reflection back into the core. Consequently, when 

compared to step-index fiber, the trench-type fiber exhibits improved resistance to 

bending. Notably, certain parameters of fiber_C have been derived from the trench-type 

bend-insensitive fiber manufactured by Sumitomo company [4]. A comprehensive 

overview of these parameters is presented in the following table: 

Table 4-2 Parameters used for fiber_C 

 Core Clad1 Clad2 Jacket 

n 1.4676 1.4627 1.4537 1.4625 

d (μm) 7.3 15.21 26.55 50 

Utilizing the aforementioned parameters and structure, it has been determined that the 

mode field diameter of fiber_C measures 8.3μm at 1310nm, while the bending loss at a 

bending radius of 5mm at 1550nm amounts to 0.15dB/turn. These outcomes align 

precisely with the specifications set forth by the G.657-B3 standard, thus affirming the 

validity of the fiber_C model. 

Furthermore, the 90-degree bending losses of these three fiber types have been calculated 

at bending radii ranging from 1mm to 4mm, employing the aforementioned fiber models. 

The calculation results are illustrated in the subsequent figure: 
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Fig. 4-4 Simulation results of bending loss for 3 types of fiber 

The simulation results clearly indicate that fiber_C, with its strong resistance to bending, 
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exhibits significantly lower bending losses compared to the other two fibers. Remarkably, 

the LP11 mode loss of fiber_C is even lower than the LP01 mode loss of the other fibers. 

Consequently, fiber_C ensures that fiber arrays constructed from it possess minimal 

insertion losses. However, such a low LP11 mode loss renders fiber_C unsuitable for use 

as a mode filter. 

When comparing the simulation results of fiber_A and fiber_B, it becomes evident that 

their LP11 mode losses are quite similar. However, fiber_B demonstrates only half the 

LP01 mode loss of fiber_A, owing to its superior bend insensitivity. Consequently, in 

terms of fabricating fiber arrays endowed with mode filtering functionality, fiber_B 

proves more suitable than fiber_A, as it introduces smaller insertion losses to the system. 

Based on the simulation results of fiber_B, a bending radius of 3.5mm appears to be an 

optimal choice. At this radius, the LP11 mode loss exceeds 20dB, while the LP01 mode 

loss remains below 1dB. The subsequent step entails validating this outcome through 

experimental means. 

 

4.2 Bending loss measurement 

Since fiber_C does not possess the appropriate characteristics to function as a mode filter, 

we will solely measure the bending losses of fiber_A and fiber_B. For the measurements, 

we will employ OS2 fiber, which adheres to the G.652-D standard, with its results 

aligning with the simulation results of fiber_A. As for SMF28-ULTRA fiber, its bend 

resistance is slightly superior to that of G.657-A1, and its bending loss measurements will 

be compared against the simulation results of fiber_B. 

The experimental setup remains consistent with Fig.3-19. Specifically, LP01 mode is 

measured using an intact fiber, while the LP11 mode is excited through fiber with a lateral 
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offset splicing joint of 4μm, as depicted in Fig.3-19(b). By implementing a polarization 

controller within the fiber to manipulate the direction of intensity distribution of the LP11 

mode, we can measure the bending losses of LP11_a and LP11_b individually. It should 

be noted that the polarization controller we employ is compatible solely with SMF28-

ULTRA cable, therefore the measurements for OS2 fiber will not differentiate between 

LP11_a and LP11_b. 

As mentioned in Chapter 3, since both LP01 and LP11 modes coexist in the fiber, it is 

imperative to first measure the bending loss of the LP01 mode. Subsequently, this result 

can be integrated with the experimental results of the LP11 mode to calculate the bending 

loss of the LP11 mode. 

To measure the bending loss of the LP01 mode, we utilize the experimental setup 

illustrated in Fig.3-19(a). The bending loss of the LP01 mode is acquired by calculating 

the power difference and the number of bending turns between two experiments. This 

methodology effectively avoids errors stemming from coupling losses in the bent fiber. 

When light traverses a bent fiber, its mode field undergoes a shift towards the outer region 

of the bent fiber. The smaller the bending radius, the more pronounced the mode field 

shift. At the inception of fiber bending, the connection between the straight fiber and the 

bent fiber can be considered. On one side of this connection is the straight fiber, with the 

mode field predominantly concentrated in the core's center. On the other side lies the bent 

fiber, where the mode field experiences a shift. Consequently, a mode field mismatch 

transpires at this connection, leading to coupling losses [5], as illustrated in the ensuing 

figure: 
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Fig. 4-5 Mode field mismatch between straight and bent fiber 

In our experiment, the fiber is wound on a cylinder with a specific radius, and regardless 

of the number of turns, the coupling loss only occurs once at the beginning and end of the 

winding. Consequently, by calculating the difference in output power between two 

different winding numbers, the coupling loss can be effectively eliminated. The resulting 

power difference is solely determined by the variance in the number of winding turns. 

Let's assume that the number of winding turns in the two experiments is denoted as "a" 

and "b", respectively, and the corresponding output powers are represented as "𝑃:" and 

"𝑃:". Consequently, the bending loss of the LP01 mode (𝐵𝐿>?3,) can be determined using 

the following formula: 

𝐵𝐿>?3, = k|𝑃: − 𝑃U|
|)*+| (4 − 1) 

Once the bending loss of the LP01 mode has been determined, we can proceed to measure 

the bending loss of the LP11 mode. The measurement process mirrors the procedure 

outlined in Chapter 3. However, since the bending radius employed in Chapter 3 was 

large, resulting in negligible loss for the LP01 mode, the bending loss of the LP01 mode 

could be disregarded. In this case, however, the bending loss of the LP01 mode cannot be 

neglected when the bending radius falls below 4mm. Consequently, we need to modify 

Eq.3-2 by incorporating the loss of the LP01 mode. The adjusted expression for the 
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bending loss of the LP11 mode is as follows: 

𝐵𝐿>?,, = C
𝑃X − 𝑃9 + 𝐵𝐿>?3,9

𝑃X − 𝑃3,

'
(4 − 2) 

In the measurement process, 𝑃X represents the output power when the fiber is not bent, 

reflecting the total power of both the LP01 and LP11 modes. 𝑃3,  corresponds to the 

output power when the fiber is bent with a radius of 10mm for 5 turns, specifically 

representing the power of the LP01 mode within the fiber. Consequently, 𝑃X − 𝑃3, 

represents the total power of the LP11 mode. On the other hand, 𝑃9 represents the output 

power after bending the fiber at the test radius for n turns. Hence, 𝑃X − 𝑃9 reflects the 

total loss resulting from the fiber bending in this experiment. By subtracting the loss 

caused by the LP01 mode, denoted as 𝐵𝐿>?3,9 , from this value, we obtain the loss of the 

LP11 mode. Consequently, the bending loss of the LP11 mode at the specific bending 

radius can be determined based on the number of bends, 𝑛. 

In our experiment, we have measured the bending loss of two distinct fiber types. The 

cylinders employed to wind the fiber during the experiment possessed three different radii: 

1mm, 2mm, and 3mm. Furthermore, the cable radii (𝑅.:U;P) of the OS2 and SMF28-

ULTRA fibers were 1mm and 0.45mm, respectively. To calculate the effective bending 

radius (𝑅PJJ), the sum of the cylinder radius and the cable radius should be utilized. 

We have compared the measured bending losses with the simulation results depicted in 

Fig.4-4, as presented in the subsequent figure. The dots within the figure represent the 

measurement results, with the corresponding radius representing the actual radius (𝑅PJJ). 
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Fig. 4-6 Comparison of simulation and measurement result of bending loss for fiber_A 

and fiber_B 

The experimental results for both types of fibers align closely with their respective 

simulation results. Due to the significant bending loss of the LP11 mode under small 

radius bending, we were only able to measure data for a cylinder radius (𝑅M:9VWP;) of 
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3mm within our experimental conditions. As a result, there is only one data point for the 

measured value of the LP11 mode bending loss in each figure. 

The slightly lower bending loss measurements compared to the simulation in the fiber_B 

figure can be attributed to the stronger bending resistance of SMF28-ULTRA compared 

to the G.657-A1 standard. This outcome translates to lower insertion loss, which is 

beneficial for our purposes. At an effective bending radius of 3.45mm, the loss of the 

LP01 mode is only around 0.3dB. In contrast, even for LP11_a, which exhibits lower 

bending loss, the loss can still reach nearly 20dB. This level of loss is sufficient to fulfill 

the mode filtering function. 

The results of this experiment validate the accuracy of our established simulation model. 

They demonstrate that by selecting the appropriate fiber type and bending radius for 

manufacturing a 90-degree fiber array, the product can inherently possess the 

functionality of a mode filter. This outcome greatly enhances the transmission capability 

of 1060nm data transmission systems based on conventional single-mode fiber. 

 

4.3 Simulation of coupling loss for straight-to-bent fiber 

connection 

In research concerning 90-degree fiber arrays, the coupling loss that occurs between a 

bent fiber and a straight fiber is an important factor that must be considered. In the 

previous section, we provided a brief explanation of the underlying cause of this coupling 

loss. In this section, we will delve into a more detailed discussion of this phenomenon. 

When a bent fiber is connected to a straight fiber, there is a mode field mismatch between 

them, resulting in coupling loss. In our optical system, since the fiber is capable of 
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supporting two modes, namely LP01 and LP11, a portion of the energy lost due to LP01 

coupling loss can lead to the excitation of the LP11 mode. This process is depicted in the 

accompanying figure: 

 

Fig. 4-7 Coupling loss of straight-to-bent fiber connection 

In the context of optical communication systems, 90-degree fiber arrays are commonly 

employed at both the transmitter and receiver ends. At one end of the 90-degree bent 

section, a straight fiber is connected, while the other end is linked to a light source or 

optical receiver. Regardless of whether it is a light source or a optical receiver, when 

discussing the mode field at these ends, we can consider them as equivalent to a section 

of straight fiber. 

Figure 4-7(b) illustrates the variation in the mode field distribution as light propagates 

through a fiber array. Initially, only the fundamental mode is present when the light is 

incident from the left. At the first straight-bent junction on the left, coupling loss occurs, 

leading to the excitation of the LP11 mode. It can be observed that the mode field in the 
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bent fiber is skewed towards the outer region. Due to the significant loss experienced by 

the LP11 mode in the bent fiber, its presence gradually diminishes as it propagates through 

the bent fiber. However, at the second straight-bend interface, coupling loss occurs once 

again, resulting in the generation of new LP11 modes. This outcome indicates that the 90-

degree fiber array has a detrimental effect on the system. We conducted calculations to 

determine the coupling loss and the excitation ratio of the LP11 mode caused by the 

straight-bent fiber connection using the fiber_B model. The obtained results are as follows: 
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Fig. 4-8 Simulation result of straight-to-bent fiber connection based on the model of 

fiber_B 

The blue line in Figure 4-8(a) represents the insertion loss, which corresponds to the 

total loss of the LP01 mode, encompassing both the coupling loss and bending loss. 

Therefore, the difference between the blue curve and the orange curve represents the 

bending loss. When the bending radius exceeds 3mm, the coupling loss surpasses the 
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bending loss. At this point, the excitation efficiency of the LP11 mode reaches 

approximately -10dB, signifying its significant impact. To verify the simulation results, 

we conducted an experimental setup involving bending the fiber 90 degrees. The 

experimental configuration is as follows: 

 

Fig. 4-9 Experiment set-up for straight-to-bent fiber coupling loss measurement 

In our experimental setup, we aimed to verify the coupling loss caused by a 90-degree 

bend by measuring the excitation of the LP11 mode. We bent the fiber 90 degrees on a 

mandrel with the desired radius to be tested. Two mode filters were introduced: one 

before and one after the 90-degree bend section. The first mode filter (#1) ensured that 

only the LP01 mode light entered the 90-degree bend section, as its loss to the LP01 

mode was negligible. By measuring the power difference when the second mode filter 

(#2) was used and not used, we could determine the extent of LP11 mode excitation 

caused by the 90-degree bend. 
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During our experiments, we attempted various bending radii below 4mm but did not 

observe any excitation of the LP11 mode. Upon analysis, we identified that the gradual 

change in the bending radius of the fiber due to mechanical bending-induced stress 

played a significant role [6]. This change led to a reduction in coupling losses. However, 

in the simulation, there was no smooth transition between straight fibers and curved 

fibers, as illustrated in the figure below: 

 

Fig. 4-10 Schematic diagram of sharp bending (a) and gradual bending (b) 

The figure provided illustrates the connection between the straight fiber and the bent 

fiber, with the black dashed box indicating the connection region. Fig. 4-10(a) 

represents sharp bending, while Fig. 4-10(b) represents gradual bending. In our analysis, 

we assume that the radius of the 90-degree bending section is R, corresponding to a 

curvature 𝐶 = 1/𝑅. The bending radius of straight fibers is considered as infinite, 

resulting in a curvature of 𝐶 = 0. In the case of sharp bending, the fiber experiences a 

sudden jump in curvature from 0 to 1/𝑅. Conversely, during gradual bending, the 

curvature gradually increases from 0 to 1/𝑅 over the length of the fiber. The longer the 

length, the slower the change in curvature, leading to reduced coupling losses. We 

established a model of gradual bending and performed calculations to determine the 

coupling loss, as depicted in the figure below: 
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Fig. 4-11 Simulation model of gradual bending 

To investigate the coupling loss in the transition region between the straight fiber and 

the 90-degree bend, we introduced three sections of fiber with larger bending radii. 

Assuming the radius of the 90-degree bending part is 𝑅, the bending radii of the 

transition fibers were set as 2𝑅, 4𝑅, and 8𝑅, respectively, starting from the closest to 

the 90-degree bend. This allowed for a gradual change in curvature, with curvature 

changes of 0, 𝐶/8, 𝐶/4, 𝐶/2, and finally 𝐶, where 𝐶 represents the curvature of the 90-

degree bend. 

In our calculations, we selected R=3.5mm as an example and assumed that each section 

of the transition fiber had a length of 0.1mm. This configuration ensured that the total 

length of the transition fiber was much shorter than the length of the 90-degree bending 

part, which aligns with our experimental setup. We compared the results of the 

calculations with and without the transition fiber for R=3.5mm. The findings are 

summarized below: 

Table 4-3 Comparison of LP01 coupling loss and LP11 excitation ratio between sharp 
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bending and gradual bending 

 Sharp bending Gradual bending 

Insertion loss (dB) 1.44 0.737 

Coupling loss (dB) 0.86 0.152 

LP11 excitation ratio (dB) -11.54 -24.93 

Because we set R=3.5mm, the bending radii of the three transition fibers are 7mm, 

14mm, and 28mm, respectively. According to the results in Chapter 3, the bending loss 

on LP01 mode of the three transition fibers can be ignored. Therefore, the bending 

losses of both the sharp bending case and the gradual bending case are only attribute to 

their 90-degree bending section. Thus, the difference in insertion loss between the two 

cases is solely due to changes in coupling loss. As can be seen, the coupling loss drops 

from 0.86dB to 0.15dB, which is a significant change. The excitation efficiency of the 

LP11 mode also dropped from -11.5dB to -24.9dB, it can be considered that the LP11 

mode generated by coupling loss in gradual bending case is negligible. 

The gradual bending model in Fig. 4-11 only sets three transition sections with 

progressively larger bending radii. The change in the bending radius is still step-like. 

Even so, it has significantly improved the suppression effect on coupling loss and LP11 

mode excitation [7]. In actual situations, the gradient of the bending radius is 

continuous, and the generated coupling loss and LP11 mode would be even lower. This 

explains why we couldn't measure the excitation of the LP11 mode in experiment. 

Furthermore, eccentric connection between the straight fiber and the bent fiber also 

contributes to reducing coupling loss and LP11 mode excitation [8]. This type of 

connection, as shown in the figure, helps to align the mode fields and minimize the 

mode field mismatch, resulting in reduced coupling loss and LP11 mode excitation. 
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Fig. 4-12 Coupling loss decrease by offset connection between straight and bent fiber 

In bent fibers, the mode field is skewed towards the periphery. Appropriately shifting 

the straight fiber outward can enhance the mode coupling efficiency, thereby 

diminishing loss. In Fig. 4-12(a), the offset is identical on either side of the bent fiber, 

and the mode field distribution as light propagates along the fiber is depicted in Fig. 4-

12(b). The LP11 mode is virtually non-existent within the fiber, representing a 

significant improvement relative to Fig. 4-7(b). 

We computed the optimal offset for bend radii of 2.5mm, 3mm, 3.5mm, and 4mm, 

yielding results of 1.6μm, 1.4μm, 1.2μm, and 1μm, respectively. Based on these optimal 

offsets, we calculated the coupling loss and the excitation efficiency of the LP11 mode 

under each bending radius. The resultant data are presented in the ensuing figure: 
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Fig. 4-13 Coupling loss and LP11 excitation ratio under optimal offset 

As depicted in Fig. 4-13(a), under optimal offset, the coupling loss is mitigated to an 

inconsequential degree. Consequently, the resultant insertion loss corresponds to the 

bending loss. With a bending radius of 3.5mm, the insertion loss approximates 0.65dB, a 

value that aligns with the result from fiber_B in Fig. 4-4. As for the LP11 excitation ratio, 

it remains under -30dB with optimal offset, an impact deemed negligible on system 

performance. Fig. 4-13(b) further demonstrates the LP11 loss for each bending radius 

under optimal offset. Remarkably, even at a bend radius of 4mm, a nearly 20dB loss 
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occurs, suggesting that the fiber array is capable of satisfactorily filtering the LP11 mode. 

Our simulation outcomes address the issues of coupling loss and LP11 mode excitation 

prompted by the straight-to-bent fiber junction within a 90-degree fiber array. The 

simulation results reveal that acute bending of the fiber can significantly affect product 

performance due to increased coupling loss. Potential mitigations for this issue may 

include facilitating a gradual bending of the fiber or offsetting the straight-to-bent fiber 

junction. Our computations of these two potential solutions suggest that both approaches 

can reduce the LP01 coupling loss and the LP11 excitation ratio to a negligible extent. 

This reveals the feasibility of employing a 90-degree fiber array as a mode filter. 
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Chapter5 

Modal noise measurements and transmission 

characteristics of 1060nm standard single-mode fiber 

transmission 
 

In this chapter, we will conduct a rigorous experimental evaluation of modal noise in a 

transmission system based on traditional single-mode fiber, utilizing a 1060nm single-

mode Vertical Cavity Surface Emitting Laser (VCSEL). This evaluation will be carried 

out under both Continuous Wave (CW) and NRZ modulation conditions. The variations 

in noise levels will be quantified by measuring the Root Mean Square (RMS) of the 

received power. Simultaneously, we will investigate the effects of the bent fiber mode 

filter on the system. The empirical results from these experiments will be compared with 

the theoretical predictions presented in Chapter 2, serving as a validation of the two-mode 

transmission model we proposed. 

 

5.1 Experiment set-up 

 

Fig. 5-1 Experiment set-up for modal noise measurement 

Fig. 5-1 delineates the experimental apparatus for modal noise assessment. The light 
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source employed is a 1060nm single-mode VCSEL, while the receiver is an oscilloscope 

furnished with an 86105D module for the measurement of optical power and RMS values. 

The specifics of the light source and oscilloscope will be expounded in the subsequent 

sections. 

The 1060nm single-mode VCSEL emits light that is funneled into a lensed fiber (depicted 

in orange). This lensed fiber is interfaced with a conventional single-mode fiber via a 

fiber connector. To counteract the influence of higher-order modes incited by coupling 

loss from the connector, the fiber is looped five times into a 10mm radius to serve as a 

mode filter (#1), after the fiber connector. 

The fiber being scrutinized is a 500m-long SMF28-ULTRA, partitioned into five sections 

and reconnected through lateral-offset splicing, with uniform offsets at the four splicing 

junctures. Two separate experiments were performed, one with an offset of 1μm and the 

other with 0.6μm, yielding coupling losses of 0.3dB and 0.2dB respectively. 

Another mode filter (#2), based on bent fiber and mirroring the configuration of #1, is 

employed preceding the oscilloscope. The efficacy of the mode filter is verified through 

comparing the modal noise both with and without the utilization of the #2 mode filter. 
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5.1.1 1060nm single-mode VCSEL 

 

Fig. 5-2 Schematic structure of 1060nm single-mode VCSEL 

The schematic structure of the metal-aperture Vertical Cavity Surface Emitting Laser 

(MA-VCSEL) is illustrated in Fig.5-1(a) [1]. The VCSEL comprises six pairs of 

Distributed Bragg Reflectors (DBRs) at the top and 30 pairs at the bottom. The etching 

depth is as minimal as 30nm, and the oxidation aperture diameter measures 5μm. The 

device operates at a wavelength of 1060 nm. Surface relief etching is implemented at the 

top to control the lateral modes, ensuring single-mode light output. Fig.5-1(b) provides a 

photograph of the VCSEL device, with the magnified central part corresponding to the 

surface relief structure. 

To validate the single-mode operation of the VCSEL, we performed spectral 

measurements, as presented in the subsequent figure. The result shows an over 30dB side-

mode suppression ratio (SMSR) which could confirm our VCSEL has excellent single-
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mode characteristic, with the center wavelength approximately located at 1061 nm. 

 

Fig. 5-3 Spectrum of 1060nm single-mode VCSEL 

Since the spectrometer we employed is incapable of measuring the precise linewidth of 

the VCSEL, we had to infer the linewidth under different bias currents indirectly through 

calculations. The Light-Current (LI) curve of the VCSEL is presented in the following 

figure: 
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Fig. 5-4 L-I curve of 1060nm single-mode VCSEL 

As depicted in Fig.5-4, the threshold current (𝐼GY) of the VCSEL utilized in the experiment 

approximates 1mA. Its output power (𝑃Z[G) manifests a strong linear correlation with the 

bias current. Given that a laser's linewidth is inversely related to its output power, and as 

per EQ.2-27 to EQ.2-29, modal noise is directly correlated to linewidth. Therefore, 

adjusting the bias current of the VCSEL can engender different levels of modal noise 

within the same experimental setup. In our experiment, we opted for bias currents of 

4.5mA, 6mA, and 7.5mA, which correspond to output powers (𝑃Z[G) of 0.97mW, 1.39mW, 

and 1.82mW, respectively. 

The calculation formula for the linewidth of the VCSEL is as follows: 

∆𝑓 =
𝛽𝛤𝜂/𝐼GYℎ𝜐
4𝜋𝜏M𝑃Z[G𝑒

(1 + 𝛼-) (5 − 1) 

The parameters involved in the calculation of the linewidth are shown in the following 

table [2-5]。 
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Table 5-1 Linewidth calculation parameters 

Spontaneous emission factor 𝛽 0.002 

Optical confinement factor Γ 0.038 

Internal quantum efficiency 𝜂/ 0.8 

Threshold current 𝐼GY 1 mA 

Planck constant ℎ 6.63 × 10@6H J⋅s 

Frequency 𝜐 2.83 × 10,H Hz 

Mirror energy loss 𝜏M 1.23 ps 

Elementary charge 𝑒 1.6 × 10@,\ C 

Linewidth enhancement factor 𝛼 2 

Based on these parameters, the linewidth of the VCSEL at output powers (𝑃Z[G ) of 

0.97mW, 1.39mW, and 1.82mW are 23.8MHz, 16.7MHz, and 12.7MHz, respectively. 

This result will be used in subsequent experiments. 

 

5.1.2 86105-D oscilloscope 

In the experiment, the optical power and noise are measured using the 86105D optical-

electrical detection module manufactured by Keysight, as shown in the following figure: 

 

Fig. 5-5 86105D optical-electrical detection model [6] 
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In order to measure the modal noise, it is essential to know the thermal noise of the 

detector. Therefore, we have measured the thermal noise of the 86105D using the 

experimental setup shown in the following figure. 

 

Fig. 5-6 Experiment set-up for thermal noise measurement 

We employed a single-mode laser operating at a wavelength of 1060nm, with a threshold 

current of 15mA. The Root Mean Square (RMS) as measured by the oscilloscope 

represents the magnitude of noise within the system. However, the laser inherently 

possesses intensity noise [7], which necessitates its separation from the measurement 

outcomes to isolate the thermal noise. The intensity noise is contingent on the linewidth 

and output power of the laser, hence we subjected the laser to varying bias currents (BC) 

to manipulate its linewidth. The bias currents deployed in this experiment were 22mA, 

33mA, and 40mA. In the experimental setup, fiber bending served as an attenuator, 

enabling the alteration of output power while maintaining a constant bias current, thus 

facilitating the calculation of relative intensity noise (RIN). The experimental results are 

demonstrated in the ensuing figure: 
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Fig. 5-7 Measurement result under different bias current (BC) 

The measured RMS denotes the magnitude of the total noise, symbolized as 𝜎X . The 

intensity noise can be represented as the product of the Relative Intensity Noise (RIN) 

and the square of the output power, denoted as 𝜎]^<- 𝑃-. We utilize the symbol 𝜎3 from the 

second chapter to represent the thermal noise. Their interrelationship is satisfied by the 

following formula: 

𝜎X- = 𝜎]^<- 𝑃- + 𝜎3- (5 − 2) 

As deduced from Eq.5-2, the square of the RMS demonstrates a linear relationship with 

the square of the output power. The intercept of this function correlates to the square of 

the thermal noise. In Fig. 5-7, all three test outcomes exhibit an exemplary linear 

correlation. Based on these functional expressions, the thermal noise can be estimated as 

0.01mW. 
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5.2 Modal noise measurement under CW condition 

Grounded on the experimental setup depicted in Fig.5-1, we carried out measurements of 

modal noise under continuous wave (CW) conditions. We have calculated the modal noise 

in Chapter 2, a calculation that is based on the assumption of the worst-case scenario. 

This assumes that the polarization directions of each light source involved in the 

interference are aligned, and that the interference is in quadrature, thus generating the 

maximum modal noise as stipulated by Eq.2-16 and Eq.2-17. The comparison of 

calculation and experiment results are demonstrated in the following figure: 
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Fig. 5-8 Comparison of modal noise measurement results and calculated results. (a) 

Offset of 0.6μm, (b) Offset of 1μm. 

Fig.5-8(a) and Fig.5-8(b) illustrate the results when the splicing joint offset is 0.6μm and 
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1μm, respectively. The modal noise unit is in dB, calculated by comparing the modal 

noise with the received optical power. The RMS of the optical power measured by the 

oscilloscope represents the system's total noise. In section 5.1.2, we determined the 

oscilloscope's thermal noise. By subtracting this from the total noise, we can ascertain the 

modal noise. 

In each experiment, three sets of results were measured using three distinct bias currents 

of 4.5mA, 6mA, and 7.5mA. Thus, as per the calculation in section 5.1.1, the laser 

linewidth corresponding to each set of results is 23.8MHz, 16.7MHz, and 12.7MHz, 

respectively. Each set of measurement results contains 2 data points, represent the 

measured noise with and without using a mode filter.  

Both experiments reveal that the overall trend of modal noise variation with laser 

linewidth, as demonstrated by the measurement results, aligns with the calculation results. 

This outcome validates the efficacy of our established theoretical model. Moreover, the 

experimental results demonstrate a decrease in modal noise post the use of the mode filter, 

attesting to the mode filter's effectiveness in enhancing the transmission capacity of the 

1060nm single-mode optical communication system based on conventional single-mode 

fiber. 

 

5.3 Eye-pattern test based on OOK-NRZ/PAM4 modulation 

To further corroborate our theoretical model and the effectiveness of the mode filter, we 

conducted a data transmission experiment based on OOK-NRZ and PAM4 modulation. 

The experimental setup mirrored that of the CW experiment, with the exception that, in 

this experiment, we only utilized the test fiber with a splicing joint offset of 1μm.  

We performed tests based on 50Gb/s and 70Gb/s NRZ modulation and 100Gb/s PAM4 
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modulation. The pre-equalizer was used in the experiment. The eye patterns have been 

measured with and without the utilization of a mode filter. Furthermore, we connected 

the lensed fiber (the orange fiber in Fig.5-1) directly to the oscilloscope to conduct a back-

to-back experiment as a reference. The results of these experiments are displayed in the 

subsequent figure: 

 

Fig. 5-9 Eye-pattern test result w/ and w/o mode filter 

In the three experiments, a noticeable degradation in eye pattern quality was observed 

when the signal traversed after 500m test optical fiber compared to the back-to-back 

experiments. This degradation was especially pronounced for the 100Gb/s PAM4 trials. 

Utilization of a mode filter significantly improved the signal's eye pattern quality. 

However, since the mode filter cannot mitigate modal noise caused by fundamental mode, 

and the attenuation and coupling loss introduced during transmission also contributes to 

a decrease in the Q value, the quality of the eye pattern cannot be restored to the same 

level as in the back-to-back experiments. This observation aligns well with our previous 

theoretical analysis. Moreover, based on our computational model, the modal noise of the 

fundamental mode is influenced by the signal intensity. The modal noise for the “mark” 

signal should be higher than that for the “space” signal. As can be observed in the eye 
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pattern post-mode filter application, the upper eye is thicker than the lower eye, indicating 

higher noise for the “mark” signal compared to the “space”. This also consistent with our 

expectations. 

In the experiments, since a hard electrical filter was not employed, the thermal noise is 

independent of the signal rate. We calculated the thermal noise for both 50Gb/s and 

70Gb/s experiments. In the back-to-back experiments, the signal-to-noise ratios for the 

50Gb/s and 70Gb/s were 41.8 and 28.8, respectively. The calculations indicate that the 

thermal noise for both experiments is strikingly similar, with an average value of -

19.08dBm.  

Taking into account the thermal noise, we calculated the maximum and minimum Q value 

for the 50Gb/s and 70Gb/s experiments, both with and without the use of a mode filter. 

We then compared these calculated results with our experimental findings. The outcomes 

are illustrated in the subsequent figure. 
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Fig. 5-10 Comparison of SNR measurement results and calculated results w/o and w/ 

using mode filter 
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Given the inability to obtain an accurate laser linewidth, the measured Q values cannot 

be represented as a singular point on the graph. Instead, they are depicted with dotted 

lines across a certain linewidth range. 

According to our calculations, the linewidth of the laser we employed falls between 

16MHz and 21MHz. In the context of data transmission at 50Gb/s, it is evident that when 

the laser linewidth is 20MHz, the experimental measurements align perfectly with the 

calculated results. However, in the 70Gb/s scenario, the measured values exceed the 

calculated ones. This discrepancy may be attributed to our calculations being based on a 

worst-case scenario, which might not manifest in actual experimental conditions, thus 

leading to higher measured values. Nevertheless, the closeness in the Q-value difference 

between the two sets of data still validates the reasonableness of the calculations. This 

observation underscores the reliability of our theoretical approach, even when confronted 

with the complexities of higher data rate transmissions. 

Across both experiments, the deployment of the mode filter resulted in an average 

enhancement of the Q value by 1.8dB. As the transmission distance is elongated or the 

number of fiber connectors augmented, the adverse impact of noise on the Q value 

intensifies. In such scenarios, the significance of the mode filter becomes even more 

pronounced. These transmission experiments not only vindicate the veracity of our 

established transmission model but also illuminate the pivotal role of mode filters in 

elevating the SNR for data transmission systems based on G.652 standard single-mode 

fibers operating at 1060nm. 
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Chapter6 

Conclusion 
 

This study addresses critical phenomena such as mode coupling and modal noise within 

optical communication systems based on conventional single-mode optical fiber and 

1060nm single-mode VCSEL, employing both theoretical analysis and empirical 

verification. Initially, a dual-mode optical transmission model was constructed, 

facilitating an in-depth analysis of the mode coupling process. Subsequent discussions 

centered around the genesis of modal noise, culminating in a quantitative analysis via 

computations. Furthermore, the impact of modal noise on the system bit error rate (BER) 

and the resultant power penalty were computed. The proposed resolution to issues 

stemming from the LP11 mode-generated modal noise is the deployment of a mode filter, 

the effects of which were predicted in tandem with the dual-mode transmission model. 

Empirically, an experimental system was established employing a 500m conventional 

single-mode fiber and a 1060nm single-mode VCSEL. The fiber showcased controllable 

coupling loss facilitated by lateral-offset splicing, simulating coupling loss due to mode 

field mismatch within real-world fiber-optic transmission systems. Initial measurements 

focused on system modal noise under continuous wave (CW) conditions, yielding results 

consistent with the calculations. Furthermore, in data transmission experiments based on 

various modulation rates and techniques, the eye pattern results vividly demonstrated the 

impact of modal noise on the system's signal-to-noise ratio. The efficacy of the mode 

filter in enhancing the quality of the eye pattern was also evident. By comparing the 

calculated and measured signal-to-noise ratio, further validation was provided for the 
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accuracy of our transmission model. 

The implementation and effect of mode filters were evaluated in both CW and eye-pattern 

experimental scenarios, conclusively demonstrating that mode filters effectively diminish 

modal noise and enhance system transmission capacity. 

This study outlines the design of two mode filters - a bending fiber-based mode filter and 

a compact mode filter premised on a 90-degree fiber array, each catering to different 

scenarios. 

For the bending fiber-based mode filter, a simulation model was established to compute 

bending loss, a result subsequently validated through experimentation. The experiment 

proposed the use of lateral-offset splicing fiber to excite the LP11 mode, a method the 

efficacy of which was scrutinized both theoretically and empirically. 

Concerning the compact model filter based on a 90-degree fiber array, preliminary 

calculations of the bending loss of three fiber types adhering to G.652-D, G.657-A1, and 

G.657-B3 standards assessed its feasibility. Findings concluded that the fiber adhering to 

the G.657-B3 standard, due to its low bending loss, could not function as a mode filter. 

The bending loss of the fibers adhering to the remaining two standards was then measured 

empirically, and results concurred with the computations. 

Moreover, given that 90-degree fiber arrays typically employ smaller bending radii (less 

than 4mm), the coupling loss incurred at the junction between the straight and bending 

fiber is significant and warrants consideration. This issue was analyzed based on the 

simulation model, alongside the effects of two strategies for mitigating coupling loss - 

gradual bending and eccentric connection. Both methods proved effective in reducing 

bending fiber-induced coupling loss. Selecting an appropriate fiber type and bending 

radius allows a 90-degree fiber array to achieve an insertion loss less than 1dB and an 
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LP11 mode rejection ratio exceeding 20dB. 

In summary, this research offers theoretical and pragmatic insights into understanding and 

managing modal noise issues within optical communication systems based on 

conventional single-mode optical fiber and 1060nm single-mode VCSEL. These results 

contribute to the optimization and enhancement of optical communication system 

performance, laying a firm theoretical groundwork for further investigation and 

application of innovative optical communication technologies. 
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