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Abstract Based on an accurate model for the relationship between refractive indices and wavelengths 
in germanium-doped fibers, a weakly-coupled low-chromatic dispersion (CD) FMF is designed and 
fabricated with CD values lying between -6 and +6 ps/km/nm ranging from 1280 to 1340 nm for all 4 
modes. ©2023 The Author(s) 

Introduction 
Weakly-coupled mode-division multiplexing 
(MDM) technique is a promising candidate for 
capacity enhancement of short-reach optical 
interconnections [1], for which the multiple-ring-
core few-mode fiber (MRC-FMF) has been 
proved to be an effective design method to 
suppress distributed modal crosstalk [2]. Similar 
to low-chromatic-dispersion (CD) O-band 
transmission based on single-mode fibers (SMF), 
all the mode channels in a weakly-coupled FMF 
for short-reach applications should achieve low 
CD to support intensity-modulation/direct-
detection (IM/DD) transmission [3,4]. However, 
effective design methods for such FMFs have 
seldom been discussed in previous studies.  The 
MRC-FMF may provide a possible approach [5], 
in which multiple ring-area index perturbations 
are applied to the core of a step-index (SI) FMF 
to adjust the effective index neff distribution of all 
supported linearly-polarized (LP) modes. 
Because the CD is the 2th-order derivative of neff 
versus wavelength, the ring-area index 
perturbations could also adjust the CD values of 
all the LP modes. But the design method may be 
a great challenge because we should accurately 
estimate the influence of ring-area index 
perturbation to the CD value of each mode in an 
MRC-FMF. Some evaluation models have been 
proposed for the relationship between refractive 
index and wavelength for germanium-doped 
SiO2-based optical fibers [6,7], but their accuracy 
has never been verified. 

In this paper, we firstly propose a model to 
accurately evaluate the relationship between 
refractive indices and wavelengths of optical fiber 
by analyzing the dispersion characteristics of 3 
kinds of germanium-doped SMFs with the same 
fabrication processing. Then, a weakly-coupled 

low-CD MRC-FMF supporting 4 linearly-
polarized (LP) modes is designed with the 
perturbation method and then fabricated. The 
measured minimum effective index difference 
min|Δneff| among all modes of the fabricated FMF 
is larger than 1.3×10-3, and the CD values of all 
the modes lie between -6 and +6 ps/km/nm 
ranging from 1280 to 1340 nm, which agree well 
with the design. The 2-km transmission 
experiment indicates that the fabricated MRC-
FMF could support stable digital-signal-
processing (DSP)-free IM/DD transmission for all 
4 LP modes. 

Evaluation Model for CD versus Wavelength 

We firstly propose an accurate evaluation model 
for the relationship between refractive index n(λ) 
and wavelength λ in a typical fused silica fiber 
doped with germanium (SiO2-GeO2). According 
to previous studies, the n(λ) could be described 
by the Sellmeier formula in pure medium such as 
SiO2 and GeO2 [8,9]. However, for current widely-
used SiO2-GeO2 optical fibers, it’s hard to 
establish a universal method to model the n(λ) 
because the relationship may vary with the 
fabrication processing in different fiber 
manufacturers. To solve this problem, we firstly 
analyze the dispersion characteristics of three 
kinds of SMFs (G652, G654 and G655) with the 
same fabrication processing by Fiberhome 
Fujikura company, and then we propose a n(λ) 
model as below: 
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where R denotes the dopant concentration of 
doped GeO2; ndoping, nSiO2 and nGeO2 denote the 
refractive indices of SiO2-GeO2, pure SiO2 and 
GeO2, respectively.  



 
Fig. 1: Refractive index profiles of (a) G652, (b) G654 and 

(c) G655 fibers at 627.2 nm; measured and simulated CD of 

(d) G652, (e) G654 and (f) G655 fibers at O-band. 

Figure. 1 (a)-(c) show the refractive index 
profiles of three fibers measured at 627.2 nm, 
while Fig. 1(d)-(f) depict the measured CD values 
by commercial fiber analysis system (PK-2800) 
and simulated CD values utilizing the proposed 
model. The simulations based on full-vectorial 
finite element method (FEM) are conducted to 
calculate corresponding CD of fundamental 
mode in the SMFs. Compared to other models in 
Ref. [6,7], the proposed model could more 
accurately evaluate the CD values. Therefore, 
the proposed modeling is suitable for the 
perturbation method to design MRC-FMF with 
both low modal crosstalk and low CD for all the 
LP modes. 

4-mode FMF Design and Characteristics 

A 4-mode low-CD weakly-coupled MRC-FMF is 
designed and fabricated, as shown in Fig. 2. An 
initial SI-FMF with the index profile of grey dash 
line in Fig. 2 is firstly designed. The value of 
normalized frequency V is set to 5.33 according 
to the number of accommodated LP modes. The 
values of relative core/cladding index difference 
Δ and core radius are set to be 0.64% and 6.75 
µm, respectively, which are optimized to enlarge 
the minimum relative index difference among all 
the 4 modes as much as possible at the 
wavelength of 1310 nm. The perturbation method 
is adopted for the MRC-FMF design. The index 
profile of the designed MRC-FMF is shown in Fig. 
2 as the orange solid line, which has the minimum 
effective index difference min|Δneff|≥1.3×10-3 and 
CD coefficient |CD|<6 ps/km/nm ranging from 

1280 to 1340 nm. The maximum core refractive 
index ncore,max is 1.45887 and the maximum 
relative refractive index Δcore = 0.82%. The fiber 
is fabricated using the plasma chemical vapor 
deposition (PCVD) technique. The measured 
index profile is shown in Fig. 2 as the blue solid 
line. The neff distribution of all the 4 modes for the 
wavelengths from 1280 to 1340 nm in the 
fabricate FMF and corresponding SI-FMF are 
compare in Fig. 3. The min|Δneff| is increased 
from 0.76×10-3 to 1.321×10-3, so the fabricated 
FMF could support weakly-coupled MDM 
transmission compared with previous study [10]. 
Fig. 4 (a) and (b) show the CD values of the SI-
FMF and the fabricated FMF, respectively. We 
can see that the CD values are greatly reduced 
for the fabricated fiber, which lie between -6 and 
6 ps/km/nm for the wavelengths ranging from 
1280 to 1340 nm. 

 
Fig. 2: Index profiles of the SI-FMF, the designed MRC-

FMF and the fabricated FMF. 

Then the CD values for all the 4 LP modes in 
the fabricated FMF are measured. We fabricate 
all-fiber mode-selective couplers (MSCs) to 
excite each LP mode one by one [11], which are 
realized by heating and tapering SMF with the 
fabricated FMF. Each MSC converts signal 
between fundamental mode of SMF and a 
specific LP mode of the fabricated FMF according 
to phase-matching conditions, which could be 
adjusted by different kinds of SMFs or different 
pre-tapering. So, the CD values of each LP mode 
still could be measured utilizing the PK-2800 by 
utilizing a pair of MSCs for each mode. The CD 
characteristics for the designed MRC-FMF and 
fabricated FMF are compared, as shown in Fig. 
5. We can see that the deviation is less than 1 
ps/km/nm across 1280~1340 nm for the LP01, 
LP11, LP21 modes, while a large deviation for the 
highest-order LP02 mode could be observed. 

Transmission Experiment and Results 

DSP-free IM/DD Transmission experiment is 
carried out to verify the transmission performance 
for the fabricated fiber.  The experimental setup



 
Fig. 3 neff distributions for (a) SI-FMF (b) fabricated FMF. 

 
Fig. 4 CD values of (a) SI-FMF (b) fabricated FMF. 

 
Fig. 5 measured CD for designed and fabricated fiber. 

is shown in Fig. 6 (a). A bit error rate tester (BERT, 
eBERT-15G) is used for generating data patterns 
and error detection. 10-Gbps electric signal of 
pseudo-random binary sequence (PRBS) data is 
modulated using commercial 10-Gbps SFP+ 
optical modules at 1310 nm (AFASP13, 10G-
CWDM-1310-40km-DDM) driven by an SFP+ 
evaluation boards (Youthton, YXTSFP+ TEST 
BOARD). The output optical power of the SFP+ 
module transmitter (Tx) is about 1.5 dBm. The 
output signal of the Tx is converted to LP01, LP11, 
LP21, and LP02 modes of fabricated 4-mode fiber 
one-by-one using corresponding MSC. After 
transmission of 2-km fabricated FMF, the signal 
is converted to SMF utilizing another MSC and 
then is detected. The eye-diagrams at the Tx and 
after 2-km transmission are measured by digital 
serial analyzer (DSA, Tektronix DSA8300) and 
are shown in Fig. 6 (b)-(f). The received optical 
power is adjusted utilizing a variable optical 
attenuator (VOA, EXFO FVA 600) and the bit 
error rates (BER) are measured by the BERT. 
Forward error correction (FEC) is not used in the 
SFP+ modules.  

Figure. 6 (g) shows the measured BER versus 
received optical power after transmission over 2-

km fabricated FMF. As a reference, back-to-back 
(BTB) transmission by directly connecting the Tx 
and Rx is also performed. We can see that the 
receiver sensitivity penalties at the BER threshold 
of 1e-3 are about 1.4 dB, 2.4 dB, 4 dB and 7 dB 
for the LP01, LP11, LP21, and LP02 modes, 
respectively compared to the BTB case. The 
large penalties for LP11 and LP21 modes may 
come from the influence of differential mode 
delays (DMD) in degenerate modes [11], while it 
is due to power leakage for the LP02 mode for the 
lack of trench outside the core. 

 
Fig. 6 (a) Experimental setup for BER performance over 

the fabricated fiber; (b)-(f) measured eye diagrams for BTB, 

LP01, LP11, LP21, and LP02 modes after 2-km transmission; (g) 

measured BER versus received power for BTB and 2-km 

transmission. 

Conclusions 
Based on an accurate model for the relationship 
between refractive indices and wavelengths in 
germanium-doped fibers, a weakly-coupled low-
CD FMF is designed and fabricated, which has a 
min|Δneff| larger than 1.3×10-3 among all modes 
and CD values lying between -6 and +6 ps/km/nm 
ranging from 1280 to 1340 nm for all 4 modes. 
The 2-km transmission experiment indicates that 
the fabricated MRC-FMF could support stable 
DSP-free IM/DD transmission for all 4 LP modes. 
This work is beneficial to the application of short-
reach weakly-coupled MDM systems. This work 
is supported in part by NSFC (U20A20160 and 
62101009), and National Key Research and 
Development Program of China 
(2020YFB1806400). 
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