
 

Abstract— An optical fibre with weak mode coupling is 

desirable for future ultra-high capacity space-division 

multiplexing (SDM) systems because mode coupling in an optical 

fibre results in extrinsic loss of the fibre and crosstalk between 

guided optical modes. To study the feasibility of a ring-core fibre 

(RCF) for SDM systems, in this paper, we investigate the mode 

coupling in the RCF  supporting up to 5 or 7 guided mode groups 

(MGs) at a wavelength of 1550nm. For this purpose, the coupled 

mode/power theory (CMT/CPT) with a proposed form of the 

spatial power spectrum of random perturbations of fibre axis is 

used to calculate the bend loss/crosstalk of the RCF duo to 

microbending. It is shown that, based on the identified parameters 

for the spatial power spectrum in the 5/7-MG RCF, the calculated 

bend loss/crosstalk of the RCF agrees well with experimental 

results. In addition, the impact of the gradient parameter α and 

refractive index contrast Δ of the RCF on bend loss and crosstalk 

of the RCF is explored. Simulation results show that the Δ instead 

of the α significantly affects bend loss and crosstalk of the RCF. 

The magnitude improvement in bend loss by increasing the Δ is 

dependent on the spatial power spectrum rather than the number 

of guided mode groups in the RCF.  

 
Index Terms—Crosstalk, coupled mode/power theory, mode 

coupling, microbending, ring-core fibre, space-division 

multiplexing.  

 

I. INTRODUCTION 

o satisfy the ever-increasing bandwidth demand of 

optical networks in the next decades, space-division 

multiplexing (SDM) has been considered as a promising 
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technique for future ultra-high capacity optical networks, 

because it can overcome the capacity bottleneck imposed by the 

nonlinear Shannon limit in the single-mode fibre (SMF) [1-3]. 

The SDM aims to provide a sustainable long-term solution for 

upgrading the optical network capacity in a 

cost-effective/energy-efficient manner. The application of 

SDM mainly lies on new transmission optical waveguides 

which affect energy efficiency and cost saving in capital and 

operating expenditure. A number of experimental 

demonstrations have been reported for high-speed spatial 

multiplexed transmission over the optical modes in the 

few-mode/multimode/multi-core/multi-element/ring-core 

fibres [4-9].  

Ring-core fibres (RCFs) have attracted considerable research 

interest in recent years because of its advantages [10-11], which 

include simple coupling between RCFs and single-mode fibres 

(SMFs), and large effective area for reducing nonlinear effect. 

A photonic integrated circuit with a circular grating coupler 

was demonstrated experimentally [10], which shows its great 

advantage of simple and effective mode conversion. In a RCF, 

the propagation constant difference between adjacent azimuthal 

modes significantly increases with increasing azimuthal mode 

number, which in theory may results in relatively weak (strong) 

mode coupling between high (low) order azimuthal modes. The 

multiple-input and multiple-output (MIMO) processing used to 

mitigate the coupling effects may be avoided for the signals 

carried on the high order azimuthal modes experiencing weak 

mode coupling. The digital signal processing (DSP) complexity 

can thereby be reduced by only using MIMO processing to 

recover signals carried on the low order azimuthal modes which 

experience strong mode coupling [12]. In addition, a 

6-mode-group ring core multimode erbium doped fiber 

amplifier (EDFA) was proposed, which is shown to be capable 

of providing nearly identical gain among the 6 mode groups 

within the C band using a core/cladding-pumped scheme [13].  

Both theoretical and experimental investigations have been 

undertaken for the design of the RCF and modal characteristics 

in SDM systems [14-20]. Recently, we have designed and 

fabricated two RCFs with a large refractive index contrast of 

~0.01 supporting 5 or 7 mode groups (MGs) (18 or 26 vector 

modes) at 1550nm for SDM transmission [19-21, 28]. To ease 

the mode excitation and extraction, these RCFs were usually 

designed to support one radial mode and multiple azimuthal 

modes. Therefore, the modes in mode group l normally 
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correspond to the linearly polarised (LP) modes, LP(l-1)1. When 

l≥1, the LP mode has two-fold spatial degeneracy in each 

polarization. Figs. 1(a-c) show the measured refractive index 

profiles (RIPs) of these two fabricated RCFs, its normalized 

propagation constant of vector modes and electric fields of 

corresponding LP modes, respectively. The experimental 

characterisation of the RCFs shows that the RCF supporting 7 

mode groups suffers a large insertion loss of a few hundred 

dB/km, whilst the RCF supporting 5 mode groups has a 

relatively low insertion loss of a few dB/km [20, 21, 28]. It is 

noted that those fabricated RCFs supporting a large number of 

spatial modes or mode groups suffer a large insertion loss [16, 

18, 20], which restricts their applications for optical 

communications. Therefore, it is necessary to investigate the 

cause of such a large insertion loss and impact of key 

parameters of the RCF design on extrinsic loss of the RCF.  

It is well known that microbending plays an important role in 

the loss of optical fibres because microbending is one of key 

extrinsic effects increasing attenuation of an optical fibre, apart 

from the inherent low loss of optical fibres. Microbending 

occurs in practice when the bending radius is smaller than 

1mm, and causes mode coupling between a guided mode and 

other guided modes or cladding modes, which results in the 

extrinsic loss of the fibre and crosstalk between optical modes. 

The extrinsic loss arises from the heavily attenuated power of 

the cladding modes due to the lossy plastic jacket surrounding 

the optical fibre. The origin of microbending is usually the 

lateral contact of the optical fibre with rough surfaces and 

imperfect optical fibre fabrication processing, which result in 

high-frequency random perturbations of the fibre core along the 

fibre axis. Given the difficulty in obtaining characteristics of 

random perturbations in a practical optical fibre, most research 

on microbending loss was carried out in theory or simulation. 

Analytical expressions used to predict microbending loss 

indicate that the mode coupling between optical modes due to 

microbending is mainly dependent on the autocorrelation 

function of the random perturbations and fibre design [22-24].  

For a practical RCF, the microbending induced loss and 

crosstalk may be different from the traditional central core 

optical fibres, because 1) the special ring-shape RIP of the RCF 

may result in a special autocorrelation function of the random 

perturbations of the fibre axis; 2) the RCF has special mode 

field and normalized propagation constant distributions as seen 

in Fig. 1. To study the feasibility of a RCF for SDM systems, in 

this paper, we investigate the microbending induced bend loss 

and crosstalk in two RCFs supporting 5/7 mode groups, which 

we recently designed and fabricated [19-21, 28]. With the 

coupled mode/power theory (CMT/CPT) for the wave 

propagation analysis [23], the bend loss and crosstalk of the 

RCF due to microbending are estimated and compared with 

experimental results. In addition, to improve the bend loss and 

crosstalk of the RCF, detailed discussions are given to 

exploration of key parameters of the RCF design affecting 

SDM applications. 

II. ANALYTICAL EXPRESSION FOR MICROBENDING LOSS AND 

IMPULSE RESPONSE FROM COUPLED MODE/POWER THEORY 

For an optical fibre with microbends, the distorted refractive 

index profile n(r, φ, z) can be written as a first order Taylor 

series expression [23]. 
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where n0(r) is the undistorted refractive index profile of a 

perfect fibre, and r is the radial coordinate of a cylindrical 

coordinate system. f(z) represents random perturbations of the 

fibre core along the fibre axis. The loss due to microbending is 

determined by coefficients of mode coupling between a guided 

mode and discrete cladding modes. The formula for these 

coefficients includes an integral in the r, φ-plane over the 
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Fig. 1. (a) Refractive index profiles of two fabricated RCFs, (b) its normalized 
propagation constants b of guided vector modes, and (c) Electric fields of LP 

modes in the 7-MG RCF. Wavelength: 1550nm.  

 



product ''0 )](),,([ mllmEErnzrn  . Here, lmE  (or ''mlE ) is the 

guided (or cladding) mode field, which can be expressed as 

)exp()cos()( zjlrA lmlm   (or )exp()'cos()( '''' zjlrA mlml   ). l 

and m are the azimuthal and radial mode index, respectively. β 

is the mode propagation constant. Since the refractive index 

difference )( 0nn   contains a term of cos(φ), the coefficients 

of the mode coupling in the fibre have  nonzero values when the 

azimuthal mode index difference between the guided and 

cladding modes |l-l’| is one. Therefore, the microbending loss 

coefficient of a guided mode can be written as [23] 
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where k0=2π/λ is the free-space wavenumber (λ is wavelength 

in the free space) and '', mllm

 

is the propagation constant 

difference between guided and cladding modes. )(
~

R  is the 

spatial power spectrum of the autocorrelation function of f(z). 

To represent a wide range of autocorrelation functions, the 

spatial power spectrum is given by the form, 
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where Lc is correlation length and σ is the standard deviation of 

the random perturbation function f(z). A typical value of p is 1, 

2, or 3 depending on the external stress on the fibre and fibre 

fabrication processing.  

In order to obtain the impulse response of the RCF-based 

transmission link for the analysis of crosstalk, mode coupling in 

the RCF is modelled with the coupled power theory (CPT) or 

following coupled power equation derived by Marcuse [25].   
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where Pi,  τi, and γi   are the power, delay per unit length and 

power attenuation coefficient of guided mode i, respectively. 

Assuming that the inherent low loss of the optical fibre is 

negligible, the mode power attenuation coefficient can be 

determined by Eq. (2).  Γii’ is the mode coupling coefficient 

between mode i and i’, which can be expressed as [24-25] 
2
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The mode coupling coefficient is calculated with the electric 

field for each mode normalized as follows.  
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where e0 and µ0 are vacuum permittivity and vacuum 

permeability, respectively. As seen from Eqs. (6-8) that the 

mode coupling coefficient Γ consists of two parts: the spatial 

power spectrum )(
~

R

 

determined by the environment 

surrounding the fibre and fibre fabrication processing, and the 

coefficient K determined by the fibre design (n0). In the 

following, discussion is given to the impact of both the spatial 

power spectrum )(
~

lmR   and the fibre design on bend 

loss/crosstalk of the RCF.  

III. SIMULATION CONDITIONS AND PARAMETERS 

To study the impact of the fibre design on bend loss/crosstalk 

of the RCF, the refractive index profile of the RCF is defined as  
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where na is the peak refractive index in the ring-core layer, and 

Δ is the refractive index contrast. ra  and d are the average radius 

and thickness of the ring-core layer, respectively.  The 

normalized propagation constant is defined as 

  )(][
2222

0 cac nnnkb   , where nc is the cladding 

index. The measured RIPs in Fig. 1(a) or defined RIP in Eq. (9) 

are used to obtain the vector mode properties (propagation 

constants, delay and electric fields) at a wavelength of 1550nm 

with Comsol. 500 modes including both guided and cladding 

modes are used for the calculation of the bend loss in Eq. (2).  

The crosstalk of the RCF is calculated from the impulse 

response of the RCF link obtained from Eq. (5). With a 

split-step method [26], Eq. (5) can be solved numerically when 

the step Δz is smaller than inverse of maximum value of dij. The 

value of Δz is chosen to be <(20Γmax)-1 for high accuracy of 

channel modelling here, where Γmax is maximum value of Γ. In 

calculating crosstalk between guided optical modes in the RCF, 

a mode group carrying a single Gaussian pulse is excited at the 

input of the RCF to obtain the crosstalk between the launched 

mode group and other mode groups with the received power in 

each mode group. The impulse response of the RCF link can 

also be used to verify the bend loss obtained in Eq. (2). The 

full-width half-maximum (FWHM) of the Gaussian pulse is 

36ps, which corresponds to the 28Gbaud quadrature phase shift 

keying (QPSK) signal adopted for experimental measurement 

of crosstalk [28]. An ideal low-pass filter is used to simulate the 

limited electrical bandwidth of 25GHz for the coherent receiver 

in the experiment.  

IV. BEND LOSS AND CROSSTALK OF THE RCF 

With the mode coupling theory and model of the optical fibre 

link described in Section II, investigation is made of 

comparisons in bend loss/crosstalk between numerical and 

experimental results. After that, detailed numerical results are 

given to explore the impact of the fibre design on bend loss and 

crosstalk of the RCF. As each mode in a mode group suffers 

equal bend loss due to microbending, for simplicity, guided 

mode groups instead of vector modes are used for analysis 

although vector modes or degenerate modes can also be used 

for mode division multiplexing applications.  



A. Comparisons between experimental and numerical results 

The mode dependent loss (MDL) was measured by a cutback 

technique when a guided mode group was selectively launching 

into the RCFs. To fit the experimental results with numerical 

results, a proper spatial power spectrum of the autocorrelation 

function needs to be identified. It can be seen from Eqs. (2-3) 

that the σ determines the average bend loss of the RCF, whilst 

the correlation length Lc and p determine the slope of the spatial 

power spectrum or the distribution of the bend loss on all the 

mode groups. With the above knowledge, a set of parameters, 

σ=35nm (35nm), Lc=1mm (0.083mm) and p=2 (3), were 

identified for the 5 (7)-MG RCF with the measured RIPs. The 

graphs of the spatial power spectrum and the coupling 

coefficient between neighbouring mode groups obtained with 

the identified parameters are given in Fig. 2(a, b). It shows that 

the spatial power spectrum for the 5-MG RCF is much lower 

than that for the 7-MG RCF in the range Δβ > (nlg-nc)k0, where 

nlg is effective index of the last guided mode group.  It implies 

relatively weak (strong) mode coupling for the 5 (7)-MG RCF. 

As shown in Fig. 2(b), the mode coupling coefficient between 

neighbouring mode groups calculated with Eq. (6) for the 

5-MG RCF is also lower than that for the 7-MG RCF. For the 5 

(7)-MG RCF, the decrease (increase) in mode coupling 

coefficient with increasing mode group index indicates the 

relatively weak mode coupling in the high (low) mode groups. 

This is confirmed from the impulse responses of these two 

100m 5/7-MG RCFs in Fig. 2 (c) when all the mode groups are 

excited with equal power. In the figure, for the 5-MG RCF the 

plateau between the last two pulses (high order mode groups) 

due to mode coupling is relatively lower than others between 

the beginning pulses (low order mode groups). For the 7-MG 

RCF, the impulse response (mode groups) significantly 

decreases with increasing relative delay (mode group index) 

because of the strong mode coupling across all the mode groups 

and the large coupling coefficient in the high order mode 

groups as mentioned for Figs. 2(a,b). Therefore, only the first 

several pulses (low order mode groups) were observed, which 

is consistent with our experimental observation.  

With the identified parameters for the relatively weak 

(strong) mode coupling in the 5 (7)-MG RCF, the bend loss of 

the RCFs is calculated with the CMT/CPT in Fig. 3. As shown 

in the figure, the graphs of the bend loss calculated with the 

CMT for the 5/7-MG RCFs are close to the graphs of the 

 
(a) 

 
(b) 

Fig. 3. Loss of (a) a 100m 5-MG RCF and (b) 150m 7-MG RCF obtained from 
experimental measurement and simulation using CMT/CPT/BPM. 
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Fig. 2.(a) Spatial power spectrum of the autocorrelation function for the 
5/7-MG RCF; (b) Coupling coefficient between two adjacent mode groups, (c) 

Impulse responses of the 100m 5/7-MG RCFs when all the guided modes are 

excited at the input with equal power.  



measured MDL, which shows good agreement in bend loss 

between simulation and experimental results. To verify the 

validity of the bend loss calculated with the CMT, the beam 

propagation method (BPM) is used to obtain bend loss of a 

~40mm RCF with microbends [27]. As seen in Fig. 3, the good 

agreement in bend loss between using the CMT and BPM 

indicates that the analytical expression in Eq. (2) with the form 

of the spatial power spectrum in Eq. (3) can be used to 

accurately predict bend loss of the RCFs. It is interesting to note 

that, for the 7-MG RCF, the calculated loss of the last guided 

mode group with the CMT/BPM is higher than the measured 

loss. This is because the strong mode coupling between the last 

guided mode group and other guided mode groups or cladding 

modes in the 7-MG RCF causes the power in the last mode 

group coupled to the low order mode group. In this case, the 

measured MDL has a nearly uniform distribution on all the 

mode groups. As a confirmation, the impulse response of the 

7-MG RCF in Fig. 2(c) shows a broad single pulse due to the 

strong mode coupling. For the 5-MG RCF, the bend loss given 

by the CPT also agrees well with the measured loss because of 

the relatively weak mode coupling between different mode 

groups.  

For the interest of low bend loss, the crosstalk for the 100m 

5-MG RCF is calculated for the comparison with the 

experimental result in Fig. 4. It shows that the calculated 

crosstalk between neighbouring mode groups, which decreases 

with increasing mode group index, agrees well with the 

experimental values. The measured crosstalk between mode 

group (4,5) is slightly higher than mode group (3,4) because the 

last mode group suffers the highest loss due to microbending as 

shown in Fig. 3(a). The good agreement between the numerical 

and experimental results confirms again the validity of the 

proposed form of the spatial power spectrum with the identified 

parameters.    

B. Impact of fibre design on bend loss/crosstalk of the RCFs 

To explore key parameters of the RCFs affecting SDM 

applications, in this section, the impact of the α and Δ 

parameters in the defined refractive index profile in Eq. (9) on 

bend loss/crosstalk of the RCFs is investigated with the 

identified parameters for the relatively weak/strong mode 

coupling in the 5/7-MG RCFs. In the following simulation, the 

analytical expression with the spatial power spectrum in Eqs. 

(2-3) and the coupled power equation in Eq. (5) are used to 

obtain bend loss and crosstalk of the RCFs, respectively.  

In practice, the last guided mode group normally suffers the 

largest bend loss because its smallest b value among the guided 

mode groups as seen in Fig. 1(b) means that its effective index 

is close to the cladding index of the RCFs. An effective way of 

improving bend loss of the RCF is to increase the b of the last 

mode group by varying ring-core radius of the RCFs. As an 

example, Fig. 5 shows the bend loss of the last two guided 

mode groups in a 5-MG RCF, where the parameters Δ=0.01, 

α=2, d=5.7μm are chosen to mimic the measured RIP in Fig. 

1(a). Since the ring-core radius of the RCF affects not only 

effective index (or b) of azimuthal modes, but also the number 

azimuthal modes, in Fig. 5 the ring-core radius varies from 

6.0μm to 7.6μm to ensure 5 guided mode groups in the RCF.  As 

shown in the figure, for b > 0.15 the bend loss of the last guided 

mode group (LP41) sharply drops to a minimum value, which is 

nearly equal to the bend loss of the last second mode group 

(LP31). Compared with the experimental result in Fig. 3(a), the 

loss of the last mode group is significantly improved using the 

optimized ring-core radius, ra =7.2~7.6 μm (b = 0.15~0.2). To 

achieve low bend loss of the RCFs, the ring-core radius, ra, and 

thickness, d, are set to ensure that the b of the last guided mode 

group reaches its maximum value. 

After the discussion about the influence of the ring-core 

radius on the bend loss of the last mode group, the impact of the 

refractive index contrast Δ and the gradient parameter α on 

bend loss of the 5/7-MG RCFs is presented in Fig. 6. As shown 

in Figs. 6(a,b,e,f) when Δ=0.01, for the α values from 1 to 200, 

the overall bend loss on the mode groups for either 5-MG or 

7-MG RCF remains roughly the same, and the bend loss 

slightly increases with increasing mode group index. This 

indicates that the gradient parameter α has a little influence on 

bend loss of the RCFs with weak/strong mode coupling. For 

α=200, the RCFs can be considered to have a step-index 

profile. 

Figs. 6 (c,d,g,h) show bend loss of the 5/7-MG RCFs for the 

Δ values of 0.005, 0.01, 0.02 when α=2. The RCFs with a larger 

 

Fig. 4. Crosstalk between neighbouring mode groups for the 100m 5-MG 

RCF. 

 

 

Fig. 5. Bend loss of mode group 5/4 (LP41/ LP31) for the 5-MG RCF. σ=35nm, 

Lc=1mm, p=2 



Δ have the smallest bend loss. With the parameters for weak 

(strong) mode coupling, the bend loss for the RCFs is improved 

by two (ten) times when the Δ value is doubled. Such big 

improvement in bend loss by a large Δ is due to increased Δβ 

between neighbouring mode groups. The same magnitude 

improvement in bend loss for both the 5/7-MG RCFs indicates 

that the bend loss improvement by increasing the Δ is 

dependent on the spatial power spectrum instead of the number 

of guided mode groups in the RCFs.  

With the calculated bend loss of mode groups in Fig. 6, the 

crosstalk between neighbouring mode groups in the 1km 

5/7-MG RCFs for different α or Δ, is obtained in Figs. 7(a,b) 

where the parameters for weak mode coupling are used. As 

shown in the figures, the crosstalk for the 5/7-MG RCFs 

decreases with increasing mode group index, and the 5-MG 

RCFs always have a crosstalk lower than the 7-MG RCFs for 

the same α and Δ values. In Fig. 7(a) where Δ=0.01, for the 5/ 

7-MG RCFs, the graphs of the crosstalk for different α are close 

to each other, which means that the α does not significantly 

affect the crosstalk.  However, Fig. 7(b) shows a significant 

improvement in crosstalk by increasing the Δ for the 5/7-MG 

RCFs. The crosstalk in the high order mode groups is improved 

more than that in the low order mode groups.  

V. CONCLUSIONS 

Numerical and experimental investigations of the mode 

coupling in the 5/7-MG RCF have been undertaken with the 

coupled mode/power theory and a proposed form of spatial 

power spectrum. Simulations have shown a good agreement in 

bend loss and crosstalk between numerical and experimental 

results based on the identified parameters for the spatial power 

spectrum in the 5/7-MG RCF. Impact of the α and Δ parameters 

of the RCF on bend loss and crosstalk have also been 

investigated, which shows that the Δ instead of the α 

significantly affects bend loss and crosstalk of the RCF. The 

magnitude improvement in bend loss by increasing the Δ is 

dependent on the spatial power spectrum of random 

perturbations of fibre axis rather than the number of guided 

     
(a)                                                       (b)                                                                 (c)                                                         (d) 

     

(e)                                                      (f)                                                                     (g)                                                       (h) 

Fig. 6. Bend loss of the 5/7-MG RCFs for different values of (a,b,e,f) α (Δ =0.01) or (c, d, g, h) Δ (α=2).  σ=35nm  (a-d): Lc=1mm, p=2; (e-h): Lc=0.083mm, p=3. 

 
 (a) 

 
(b) 

Fig. 7. Crosstalk between neighbouring mode groups in the 1km 5/7-MG 

RCFs for different values of (a)  α  (Δ =0.01) and (b) Δ (α=2). σ=35nm, 

Lc=1mm, p=2.  
 

 



mode groups in the RCF.  
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