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Abstract  
The Mode-Gap project has demonstrated several barrier breaking experiments in the last year 

pushing the limit of mode division multiplexed transmission. Research covered solid core as well as 

hollow core fibers using both the 1.5µm and the 2µm transmission windows. Capacity records were 

set for both transmission mediums exceeding previous limitations and bringing this technology into a 

broader research mainstream. In this paper, the experiments in the traditional 1.5µm region will be 

discussed. 
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1. Technology options for  the leap beyond single mode fibers  
Several technologies are being investigated in the research community as a possible successor to 

single-mode fibers, such as transmission over multi-core fibers, using the orbital angular momentum 

or mode division multiplexing over few mode fibers. There is no clear consensus on a front runner 

technology, nor is it clear yet whether single mode fibers can actually be displaced as a transmission 

medium. While achieving remarkable and groundbreaking results in wireless communication, spatial 

division multiplexing (SDM) does not seem as a clear fit to wire-bound technologies that require an 

exchange of the transmission medium. SDM in multi-core fibers was quickly demonstrated to achieve 

record capacities, breaking the 1Pb/s barrier in 2012, which is roughly 100 times the capacity of 

ǘƻŘŀȅΩǎ ƛƴǎǘŀƭƭŜŘ ŎƻƘŜǊŜƴǘ мллDōκǎ ǎȅǎǘŜƳǎΦ Besides, multi-core transmission has been able to 

demonstrate true long-haul reach, bridging more than 6,000km using multi-core amplification. These 

results are truly remarkable from a research point of view, however multi-core based technology fails 

to demonstrate any true benefit from a cost perspective except a reduction of a form factor. 

However a size reduction is one of the lesser problems of the existing technology, although handling 

one piece of fiber is certainly less complicated than bundles with dozens of fibers. 

Mode division multiplexing (MDM) seems to be similar to multi-core transmission on the surface, 

however there are crucial differences in the underlying technology that might make an application of 

MDM more probable at a latter point in time. Solid core based few mode fiber transmission offers a 

compatible transmission window to current legacy systems, while having the benefit of a more 

power efficient optical amplification and a lower nonlinearity due to the higher effective area of the 

fiber, while multi-core fibers are basically single mode fibers packaged together. Also, the potential 

of a space selective optical add drop of a single wavelength shows a hope for much higher 

integration than the linear scaling of N optical add drop multiplexers required for N fibers. Finally, the 

prospect of hollow core fibers delivers the ultimate vision for mode division multiplexing as a new 

technology. Due to the transmission in air, the nonlinearity that is common to glass in standard single 

mode fibers is almost completely gone, allowing an increase of the optical power in the medium to 

enable higher order modulation. Furthermore, there is the prospect of lower intrinsic loss in the 2µm 

region. All this tied together with the intrinsic multi-mode characteristic of such low loss fibers could 

make hollow core fibers an interesting candidate.  

In this revision paper, we review two main experiments, showing high capacity transmission over 

solid core and hollow core fiber in the 1.5µm window. 
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2. High capacity solid core fiber transmission  

In the beginning of 2012, Mode-Gap has established the first ever mode division multiplexed 

transmission, demonstrating the basic multiplexing and demultiplexing technology for 3 mode 

transmission over few mode fiber with a single stage optical amplification. With this experiment, we 

caught up with the mainstream, but failed to deliver a substantial improvement over the 

competition. Therefore, the objective was to showcase the highest recorded capacity to date over 

few mode fibers, for the first demonstrating a higher order modulation format.  

2.1 Measurement s etup  

Fig. 1 depicts the experimental setup for our target experiment. At the transmitter side, 96 

channels carrying a 256-Gb/s DP-16QAM (dual polarization 16ary quadrature amplitude modulation) 

signal were created. The channels are composed of 48 even and 48 odd channels, of which one is 

dropped and a channel under test (CUT) is inserted. The even and odd channels were generated by 

multiplexing 48 external cavity lasers (ECL) running on the 50-GHz extended C-band (191.35 THz ς 

196.1 THz) ITU grid using arrayed waveguide gratings (AWGs). Subsequently the signals, containing 

48 wavelengths each, are 128-Gb/s 16QAM modulated using IQ-modulators. The modulators are 

driven with electrical 4-PAM signals (Fig 1. A) generated by separate digital-to-analog converters 

(DACs) for the in-phase (I) and quadrature (Q) port. These 4-PAMs were created in the digital domain 

by adding two PRBS13 sequences together, shifted by 383 symbols for decorrelation. The 4-PAMs 

feeding I and Q were shifted with respect to each other by 767 symbols. The outputs of the DACs 

were electrically amplified before feeding them to the IQ-modulators. The output swing was set such 

that the IQ modulators were operated in the linear regime and no pre-distortion was applied. After 

modulation the 256-Gb/s DP-16QAM signals were emulated by polarization-multiplexing (POLMUX) 

the outputs of the IQ-modulators. This was achieved by splitting the signal into two equally powered 

tributaries, delaying one by ~200 symbols, and combining them again using a polarization beam 

combiner. The CUT was generated the same way as the even and odd channels, with the exception 

that only one laser was modulated and different sequences and delays were used. The 4-PAMs were 

generated using PRBS15 sequences, shifted by 8191 symbols. The 4-PAMs fed to I and Q were shifted 

by 16383 symbols.  In the POLMUX stage of the CUT one of the tributaries was delayed by 357 

symbols with respect to the other. Finally, the three setups are wavelength-division multiplexed 

(WDM) using a wavelength-selective switch (WSS), and equalized. One of the even or odd channels 

was dropped and the CUT was inserted on that wavelength instead. This gives us the opportunity to 

freely tune the CUT over the spectrum, without the need to tune the offset between the carrier 

wavelength and local oscillator (LO) for every channel, which is static. This setup offers the possibility 

to generate arbitrary modulation formats, e.g. scaling down the data rate to 128Gb/s DP-QPSK, or 

increasing it even further to 192Gb/s DP-8QAM or 320Gb/s DP-32QAM at a symbol rate of 

32Gsamples/s. After wavelength division multiplexing, the signal containing 96x256-Gb/s DP-16QAM 

is split up into three equally powered signals, which are fed to a mode multiplexer with respective 

delays of 0, 2810 and 4402 symbols for decorrelation.  
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Fig. 1: Experimental setup. (a): Electrical 4-PAM generated by the DAC. 

(b): 256-Gb/s DP-16QAM Constellations back-to-back single-mode. (c): Spectrum at 

transmitter side (96 channels) 

 

For this experiment a phase plate based mode multiplexer (MUX) and demultiplexer (DEMUX) 

[12] were used. The three modes used were the linearly polarized (LP) mode LP01, and the two 

degenerate LP11 modes: LP11a and LP11b. The LP11 modes were created by using phase plates to match 

the phase profile inside the few-mode fiber (FMF). This method was verified by looking at the 

intensity profiles after ~10m of FMF (Fig. 2.) and extinction ratio (ER) measurements. 
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Fig. 2: Mode intensity profiles after phase plates (middle row) and after ~10m of FMF (bottom row) 

 

2.2 Measurement results  

Fig. 3 shows the transmission results for all the 96 3x256-Gb/s DP-16QAM modulated channels over 

119km of few-mode fiber as well as the received spectrum after transmission. All WDM channels 

performed well below the FEC-limit for each separate mode. The received spectrum turned out to be 

pretty flat over the full transmitted spectrum. The total capacity after the subtraction of overhead 

information, such as for forward error correction, was 96x3x200Gb/s = 57.6Tb/s, which is 6 times the 

capacity of commercial 100Gb/s systems.  
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Fig. 3: Bit error rate for all 96 DWDM channels after 119km transmission distance with the 
received spectrum after mode DEMUX. Bottom: constellations after transmission 

Although the means for a further capacity increase would seem straight forward, many years of 

further research are required to achieve larger data rates over longer distances. The reach is mainly 

limited by the few mode amplifier, which at this stage consists of a single stage setup with free space 

coupling. Further development is required to yield components like a few mode gain flattening filter 

or a mode selective variable optical attenuator combined with a low noise figure preamplification 

stage to achieve a solid performance and enable wideband transmission over longhaul distances. As 

of today, the reach based on multi-mode amplifiers was less than 1,000km demonstrated by NEC, 

covering only a small portion of the spectrum. 

 

 

 

 

 

3 High capacity hollow core fiber transmission  
Hollow core photonic bandgap fibers (HC-PBGFs) have long been viewed as interesting candidates for 

data transmission because of their low nonlinearity and potential for ultralow loss. However, issues 

associated with surface modes (SMs), which substantially reduce the usable fiber bandwidth, along 

with concerns about the number of higher order modes have discouraged work in this area, despite 

losses as low as 1.7dB/km reported in 2004. Recently, however, 19-cell (19c) HC-PBGFs with wide 

bandwidths (>150nm) and a few dB/km loss have been demonstrated to enable high capacity, low-

latency single-mode data transmisǎƛƻƴ ŀǘ ōƻǘƘ мΦр˃Ƴ ŀƴŘ н˃Ƴ. A possible solution to further reduce 

surface scattering - the primary loss mechanism in these fibers - is to decrease the optical field 

overlap with the glass, e.g. by enlarging the core size from 19 to 37 cells (37c). HC-PBGFs with bigger 

cores, however, present a number of challenges, including stricter fabrication tolerances, difficulties 

associated with a potentially higher number of surface modes and an increased number of core 

guided modes, which are more narrowly spaced and thus more susceptible to perturbation-induced 

coupling. In principle, mode coupling along the fiber can be unravelled using multiple input multiple 

output (MIMO) techniques, so that separate modes can be used to transmit independent channels, 

making the intrinsic multi-mode nature of HC-PBGFs a feature to exploit rather than a problem. 

However, the very first experiments of mode division multiplexing (MDM) in HC-PBGFs  have raised 

the question as to whether high capacity MDM might be possible at all. In this work, we report the 

fabrication of the first ever low-loss, wide-bandwidth 37c HC-PBGF, a fundamental step towards 

achieving ultralow-loss HC-PBGFs. The fiber, obtained by applying similar core-surround engineering 

as previously demonstrated for 19c fibers, has a low minimum fundamental mode loss of 3.3 dB/km 

at 1550 nm and a wide 3-dB bandwidth of ~85 nm centered in the C-band. By using mode 

multiplexing techniques, we characǘŜǊƛȊŜ ƛƴ ŘŜǘŀƛƭ ǘƘŜ ŦƛōŜǊΩǎ ƳƻŘŀƭ ǇǊƻǇŜǊǘƛŜǎΣ ǎƘƻǿƛƴƎ ǘƘŀǘ ƛǘ 

supports significantly less modes than would have been expected and that at least the LP01 and LP11 

modes have properties compatible with MIMO-based MDM. To prove it, we report the first 

transmission of polarization and wavelength division multiplexed (DWDM) signals over 3 modes in 

such a fiber. Using 96 DWDM channels, 3 MDM modes and a 16-level quadrature amplitude 
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modulation (16-QAM) we achieve a total data rate of 73.7Tb/s, which sets a new transmission record 

for HC-PBGFs. 

 

3.1 Fiber characterization  
 
The HC-PBGF (shown in the inset of Fig.4a) was fabricated by omitting 37 capillaries in the stack and 

by accurately controlling differential pressures during both drawing stages. Its cladding pitch and 

relative hole size (4.4 mm and 0.97, respectively) provide a ~300 nm wide bandgap. Although 

controlling SM position and number is more challenging than with 19c fibers, we managed to achieve 

a fiber with only two groups of SMs, which we successfully located at either sides of the C-band, 

providing an overall ~85nm wide low loss bandwidth (Fig.1e). Despite a large core diameter of 37mm, 

which is required for low loss operation but is in principle able to support as many as 80 core modes, 

S2 measurements indicate that only 16 modes divided in 5 mode groups (even fewer than in a 

previously reported 19c HC-PBGF) are guided with low loss in our fiber. S2 cutback analysis (traces at 

9m and 2m shown in Fig.4b) reveals that modes beyond the LP02 experience high propagation losses 

όŜǎǘƛƳŀǘŜŘ ŀǘ җс Ř.κƳύ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ŎƻǳǇƭƛƴƎ ǘƻ ƭƻǎǎƛŜǊ ŎƭŀŘŘƛƴƎ ƳƻŘŜǎΤ ŀ ƳƻǊŜ ŘŜǘŀƛƭŜŘ ƛƴǾŜǎǘƛƎŀǘƛƻƴ 

is still underway. 
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Fig.  4 - (a) Schematic of three-mode (LP01, LP11a, LP11b) mode multiplexer and 37c HC-PBGF SEM image (b) S2 
analysis of modal content (9m and 2m fiber lengths) (c) ToF measurement for pure LP01, LP11a,b modes and (d) 
DGD as a function of wavelength (e) Transmission loss of LP01 and LP11a,b modes from a 310 m to 20 m cutback 
and (f) Bend loss performance of the 37c HC-PBGF. 

In this work we focus on the characterization of three lowest order spatial modes (LP01, LP11a, LP11b), 

which are predicted to have the lowest propagation losses, and present a detailed description of 

their properties. To selectively launch the three individual modes we employed the phase-plate 

based mode multiplexer illustrated in Fig.4a. Light from a continuous wave (CW) source was split in 

three paths, encoded in the required mode patterns and coupled into 310 m of 37c HC-PBGF via a 

telecentric lens arrangement. The CW laser provided a high average power which was required to 

compensate for the high multiplexing insertion losses. Time-of-flight (ToF) measurements using sub-

ps pulses from a mode-locked laser at 1550 nm and a 10 GHz bandwidth sampling oscilloscope were 

employed during the modal characterization to optimize the launch of each individual mode. Typical 

results are shown in Fig.4c: the differential group delay (DGD) of the LP11 and LP21 modes was 

estimated at 4-5ps/m and 10-12ps/m, respectively, in good agreement with S2 results. Note that 

DGD values are roughly 50% smaller than in a 19c fiber. The extinction ratio provided at launch by 

our MMUX was about 20 dB. For LP11 mode launch we observed strong coupling between 
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the two spatial orientations and a plateau of distributed scattering of about -20dB to both LP01 and 

LP21 modes. Modal cross-coupling is expected to decrease as the fiber loss is reduced since the two 

effects have the same underlying physical mechanism in HC-PBGFs. The wavelength dependence of 

the DGD (Fig. 4d) indicates chromatic dispersion around 7 and 18 ps/nm/km for LP01 and LP11 modes, 

respectively. Through a careful cutback from 310m to 20m the mode-specific spectral loss (shown in 

Fig. 4e) was measured ς to the best of our knowledge the first such measurement in a HC-PBGF. All 

curves present two distinct peaks due to SM anticrossings which, as predicted from theory but never 

before shown experimentally, are mode dependent and shifted ~10nm to longer wavelengths for the 

LP11 modes as compared to the LP01 mode. The minimum loss values for LP01 and LP11a,b are 3.3±0.8 

and 7.4±0.8 dB/km, respectively, at 1550nm. The higher loss of the LP11 modes derives from a higher 

overlap with the air-glass interfaces which causes stronger scattering, and the value of the 

differential loss between LP01 and LP11 is in good agreement with numerical predictions [9]. Despite 

its large core, the fiber is still very robust to bending. Fig. 4f shows the spectral change in 

transmission after a short section near the output end of the HC-PBGF was coiled into 13 loops of 

16mm radius. While some bend-induced loss increase (and associated bandwidth decrease) was 

observed at or near the SMs, no measurable change was observed for any core mode in their 

respective low loss region, providing further evidence of the importance of suppressing SMs. 

Exploiting the excellent modal qualities of this novel 37c HC-PBGF we demonstrated the feasibility of 

large capacity transmission employing the MDM transmission setup as shown previously in Fig. 1 

73.7 Tb/s WDM-MDM signal was transmitted over 310 m of HC-PBGF, after which the modes were 

demultiplexed.  

3.2 Measurement results  
The performance of QPSK, 8QAM, 16QAM and 32QAM was first verified over the PBGF for a 

transmission over 3 modes with a baud rate of 32Gsymbols/s. Fig. 5 shows the BER vs. OSNR with 

and without PBGF when transmitting over the mode multiplexer and demultiplexer. The penalty 

induced by the PBGF is around 1dB at the forward error correction (FEC)-limit of 2.4×10e-2. 

 




