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Abstract

Multimode fibers (MMFs) have been a key component in short-reach transmission systems
for over 50 years and remain the predominant transmission medium for Vertical Cavity
Surface-Emitting Laser (VCSEL)-based short links in data centers. To meet the growing
demand for higher data rates, MMFs have continuously evolved to enhance bandwidth
performance. This paper provides an overview of the fundamental properties of MMFs,
with an emphasis on fiber parameters that influence bandwidth capabilities. We discuss
trends in increasing data rates for MMF transmission systems in data centers and review
recent progress in MMF technology aimed at boosting bandwidth. In particular, we
highlight innovative fiber designs, including high-bandwidth 50 um MMFs, large-core
MMFs, long-wavelength MMFs, universal fibers, MMF bundles, and multicore fibers.

Keywords: multimode fiber; bandwidth; modal dispersion; chromatic dispersion; data
center; short-reach transmission; VCSEL

1. Introduction

Multimode fibers (MMFs) feature a large core and a high numerical aperture compared
to single-mode fibers, enabling efficient, low-cost coupling with light sources and cost-
effective splicing and connectorization between fibers. These advantages make MMFs the
preferred choice for short-distance data network applications [1].

Standard MMFs are available in two core sizes: 50 um core and 62.5 pum core [2]. The
50 um MME, with a relative refractive index change of 1% and a numerical aperture (NA)
of 0.2, was initially developed in the 1970s for both short- and long-haul applications using
light-emitting diodes (LEDs) [3]. However, advancements in semiconductor lasers [4,5] and
single-mode fibers [6,7] in the early 1980s led to single-mode fibers becoming the preferred
choice for long-haul applications, while 50 pm MMFs remained for short-reach applications.
Due to the low coupling of power from the large beam spot of LEDs, the transmission
distance through 50 um MMF was constrained to 1.2 km for 10 Mb/s Ethernet. To expand
transmission distances for emerging applications, the 62.5 um MMF was introduced for
short-distance transmission. With a refractive index of 2% and an NA of 0.28, the 62.5 um
MMEF allowed more light coupled to the fiber from an LED source, supporting 2 km
transmission for 10 Mb/s Ethernet and even later 100 Mb/s “Fast Ethernet” standard of
the early 1990s.

The development of Vertical Cavity Surface-Emitting Lasers (VCSELs) at 850 nm in
the mid-1990s [8,9] marked a significant milestone for MMFs. VCSELs, with their smaller
spot size and lower NA, resolved the coupling challenges associated with 50 pm MMF.
Additionally, the lower material dispersion and higher bandwidth of 50 um MME, resulting
from its lower refractive index difference between the core and the cladding, enabled the
developments of 1 Gb/s and 10 Gb/s optical Ethernet standards.
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Over the past three decades, MMFs coupled with 850 nm VCSELs have become
dominant technologies for short-reach, high-data-rate networks [1]. Their rapid growth
has been fueled by the increasing demand for higher data rates to support computer
connections, data storage, local communication, and internet traffic. Emerging technologies
such as server virtualization, cloud computing, and artificial intelligence are now driving
networks toward 400 Gb/s and beyond in data centers. To address these demands for
higher data rates and longer transmission distances, MMFs have continued to evolve,
improving their bandwidth capabilities and overall performance.

In this paper, we review recent advancements in MMF technology and explore emerg-
ing trends in high-data-rate MMF applications. The paper is organized as follows: Section 2
provides an overview of the fundamental properties of MMFs, focusing on fiber parameters
that impact bandwidth capabilities. Section 3 examines trends in increasing data rates for
MMF transmission systems in data centers and reviews innovative fiber designs that lever-
age multimode properties to enhance bandwidth and transmission performance. These
designs include high-bandwidth 50 pm MMFs, large-core MMFs, long-wavelength MMFs,
universal fibers, MMF bundles, and multicore fibers. Finally, Section 4 summarizes the key
findings and presents the conclusions.

2. Properties of MMF

The refractive index of an MMF can be represented by an alpha profile, which is
defined as
n(r) =no\/1—280(r/a)" ey
where ny is the refractive index in the center of the core, a is the core radius, o is the profile
shape parameter, and Ay = (n% — n%) / (Zn%) is the maximum relative refractive index
difference in the core, where n; is the refractive index of the cladding. Since the relative
index difference between the core and clad of MMF is small (<2%), mode properties can be
obtained by solving the scalar wave equation. Using the WKB approximation [10], we can
get analytical solutions for the electric field distribution and the propagating constant f3,
which are intuitive for understanding properties of MME. The time delay of each mode can
be expressed approximately as [11]
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where N| = nj — /\%, p= ;‘,—11%%.

Using Equation (2), the root-mean-square (RMS) pulse width can be calculated, which
is inversely proportional to fiber modal bandwidth. From Equation (2), to minimize the
delay difference between different modes, we can make the second term zero, which
implies that the optimal profile shape parameter « = 2 — 2p. This result indicates that,
for optimizing the modal bandwidth, the most important profile parameter is the « value.
Figure 1 shows a calculated modal bandwidth of a germanium-doped MMF with an ideal
profile of 1% delta at 850 nm. The fiber has very high modal bandwidth over 13 GHz-km
when the a-value is at the optimal value of 2.10. The bandwidth drops quickly when the
o« moves away from this optimal value. The optimal « value depends on the wavelength
and material dispersion parameter p, as shown in Equation (2). Figure 2 shows how the
a-value changes with wavelength. Without material dispersion, the optimal « is 2, which
corresponds to a perfect parabolic profile and is independent of wavelength. With material
dispersion, the optimal « is slightly different from 2 and is wavelength-dependent. For a
given wavelength, achieving an optimal modal bandwidth requires highly precise profile
control. As an example, Figure 3 shows two bandwidth curves for MMFs with « values
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of 2.100 and 2.076, respectively. The corresponding refractive index profiles appear nearly
identical when plotted together, but the peak bandwidth occurs at two very different
wavelengths, 850 nm for « = 2.100 and 950 nm for « = 2.076.
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Figure 1. Bandwidth as a function of a-parameter for MMF with 1% core delta at 850 nm.
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Figure 2. Optimal « change with wavelength for MMF with 1% core delta.
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Figure 3. Bandwidth curves for two MMFs with slightly different « parameters.
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In addition to the x-error in the refractive index profile, various imperfections such
as non-x-errors in the manufactured core profile can also limit the actual bandwidth.
To illustrate that, Figure 4 shows the modeled differential mode delays at 850 nm of
two MMFs, both with 1% delta and 50 pm core diameter. One fiber has a perfect a-profile
in the core, and the other one has a random index perturbation of 1 x 10~ around the
ideal o-profile. For the one with the ideal x-profile, the delay spread is nearly zero except
the last mode group due to profile truncation at the core and cladding interface. The
bandwidth for this fiber is 8.1 GHz-km. On the other hand, for the fiber with random index
perturbation, the delay spreads within several tens of ns/km, which reduces the bandwidth
to 0.85 GHz-km. For practical MMFs to have a high bandwidth, the index perturbation
should be less than 1075.
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Figure 4. Differential mode group delay of an MMF with an «-profile without index perturbation in
the core and an MMF with a random index perturbation of 1 x 107°.

Besides the profile shape, the core A also affects the maximum modal bandwidth that
can be achieved. From Equation (2), when the second term becomes zero for the optimum
«, the time delay is proportional to A3. As a result, the maximum modal bandwidth scales
with 1/A3, as shown in Figure 5. A lower Aj enables higher modal bandwidth, but the
light capture efficiency decreases because the numerical aperture (NA = n74/24) is lower.
Therefore, there is a tradeoff between bandwidth and NA depending on the application.
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Figure 5. Bandwidth scales with core Ay for MMF.
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The modal bandwidth of an MMF also depends on the launch condition. When an
overfilled launch condition is used, such as employing an LED source to excite all the modes
in the core, the modal bandwidth can be at its worst. If a restricted launch is used, such as
with a multimode VCSEL, the modal bandwidth can be improved since fewer modes are
excited. With a single-mode launch, such as a single-mode VCSEL, the modal bandwidth
becomes significantly higher. For a launch spot size that matches the mode field diameter of
the fundamental mode of the MMF, the fiber behaves like a single-mode fiber with very high
bandwidth. For MMF systems using multimode VCSELSs, an effective modal bandwidth
(EMB) is defined by standards [12-14]. TIA standards specify 10 different VCSEL sources
to represent a range of allowed output power characteristics. To determine the EMB of an
MME, the weighting functions that represent the radial launch power distributions of the
10 VCSELSs interact with the measured fiber differential mode delay (DMD) distribution to
generate 10 EMB values. The lowest value from the 10 calculated EMB values, referred to
as minEMBc, is multiplied by a factor of 1.13 to determine the fiber’s final EMB value.

Fiber bending can also affect the modal bandwidth. When an MMF is under bending,
the bending losses are higher for higher-order modes than for lower-order modes. As
higher-order modes have more modal delay spreads, the fiber modal bandwidth can
increase due to higher-mode stripping effects. For bend-insensitive MMFs, a low index
trench is added to reduce fiber bending loss, and the mode stripping effect is also reduced.
Using the low index trench, the bending loss can be reduced to below 0.1 dB/turn with
a bend diameter of 15 mm. It has been found that by properly placing the trench in the
optimal location next to the core, the higher-order mode delays can be minimized, resulting
higher bandwidth [15,16]. The optimal trench location is about 1.4 um away from the core,
which can result in bandwidth of about 12 GHz-km, close to the infinite ideal alpha profile.

When two MMFs are spliced together or joined by connectors, the bandwidth can be
affected by differential mode insertion losses and mode coupling effects, which may either
degrade or improve overall link bandwidth. However, with current splicing and connector
technologies, the insertion loss is less than 0.5 dB. This low insertion loss does not affect the
bandwidth much but can affect the link budget with multiple connections.

For an MMF transmission system, the data transmission performance depends on not
only the EMB but also the chromatic dispersion bandwidth (CDB). An effective bandwidth
(EB) can be calculated using the following equation [17]:

EB= oo 3)

where CDB = 185;}\05 , where D is the chromatic dispersion, and AA is the RMS spectral
linewidth of VCSEL. To illustrate the chromatic dispersion effect on EB of MMF, Figure 6
plots the EB as a function of EMB for different RMS spectral linewidths of VCSELs at
850 nm wavelength. It can be seen that the chromatic dispersion has a significant impact on
EB. For current multimode VCSELs with a typical RMS spectral linewidth of 0.6 nm [18,19],

increasing the EMB beyond the OM4 level does not significantly increase the EB due to

chromatic dispersion. If the VCSEL moves to few-mode operation with an RMS spectral
linewidth reduced to 0.4 nm, the EB can increase by approximately 30% for OM4 MMF. If
the VCSEL is single-mode with an RMS spectral linewidth of 0.1 nm, the effect of chromatic
dispersion becomes minimum, and the EB is only slightly lower than the EMB.
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Figure 6. Effective bandwidth as a function of effective modal bandwidth for different RMS spectral
linewidths of VCSEL.

As fiber manufacturing processes and designs have improved, the MMF bandwidth
has improved significantly to meet new bandwidth demands. Table 1 presents different
types of standard MMFs [20] for their core characteristics, bandwidths, and link distances
using the NRZ modulation format. The OM1 MMF has a high core A of 2% and a large core
diameter of 62.5 um, which is suitable for applications using LED sources or applications
requiring low-cost coupling using VCSELs. However, the transmission data rate is limited
to 1 G to 10 G. The OM2 to OM4 MMFs have a core A of 1% and a core diameter of
50 um. OM2 MMF has an OFL BW of 500 MHz-km, enabling transmission of 1 G to 10 G
over longer distances than OM1. OM3 and OM4 are laser-optimized for 850 nm VCSEL
transmission with EMBs of 2000 and 4700 MHz-km, respectively. They are suitable for
higher-data-rate applications ranging from 10 G to 100 G. For 100 G transmission using
the common 100GBASE-SR4 standard [21], the total capacity is achieved with four parallel
channels (fibers), each operating at a channel rate of 25 Gbps. OMS5 is designed for short-
wavelength division multiplexing (SWDM) transmission using four wavelengths (850, 880,
910, and 940 nm) through one fiber. To accommodate transmission of the four wavelengths,
OMS5 requires an EMB of 4700 MHz-km at 850 nm and 2470 MHz-km at 953 nm. Figure 7
shows example minimum EMB curves for OM4 and OM5 MMFs using germanium single
dopant. The minimum peak EMB of OMS5 fiber is around 6.7 GHz-km at 890 nm, which
is much higher than the minimum EMB required for the OM4 fiber at 850 nm. Therefore,
manufacturing the OMS5 fiber is more challenging than the OM4 fiber due to its high peak
bandwidth requirement.

Table 1. Bandwidth and link distance of different types of MMF.

Fiber Core A NA Core D OFL BW EMB Link Distance Using NRZ Modulation Format
(%) (um) (MHz-km) (MHz-km) (m)
m  nm  nm am  1C 100 WG 100G Gon Gny
OM1 2 0.28 62.5 200 500 N/A N/A 275 33 N/A N/A N/A N/A
OM2 1 0.2 50 500 500 N/A N/A 550 82 N/A N/A N/A N/A
OM3 1 0.2 50 1500 500 2000 N/A N/A 300 100 100 240 75
OM4 1 0.2 50 3500 500 4700 N/A N/A 550 150 150 350 100
OM5 1 0.2 50 3500 500 4700 2470  N/A 550 150 150 440 150
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Figure 7. Minimum effective modal bandwidth curves for OM4 and OMS5 fibers.

It is worth pointing out that the bandwidth values for the standard MMFs in Table 1
are the minimum bandwidths required for each type of MMEF. Due to the profile sensitivities
to a-errors and non-o-errors discussed above, the bandwidth of each type of MMF follows
a statistical distribution. As examples, Figure 8 shows bandwidth distributions of OM3 and
OM4 MMFs used for IEEE 10GbE model development [22]. Most of the modal bandwidth
values are significantly higher than minimally allowed values. Nevertheless, using the
standard specified bandwidth values guarantees the worst-case performance for MMF
links, which is current practice for system engineering.
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Figure 8. (a) The probability density function of ‘'OM3” and ‘OM4’ fibers. (b) Percentage of ‘OM3’
and ‘OMY’ fibers exceeding a given bandwidth value.

With the developments of new applications, the data rate has moved to 400 G and
above, which imposes new challenges for MMF to meet the bandwidth and distance
requirements. In the following section, we will discuss approaches for improving MMF
performance to overcome these challenges.

3. Fiber Designs to Improve MMF Performance

In this section, we discuss innovative fiber designs aimed at enhancing multimode
fiber (MMF) performance.

3.1. Increase Bandwidth of 50 ym Core MMF

As the transmission rates increase from 25 Gb/s to 50, 100, 200 and 400 Gb/s, the
required EB for an MMF fiber link increases. We can use the link bandwidth, which is the
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normalized EB by dividing the fiber link length to quantify the total bandwidth required
for a fiber link. Table 2 shows the link bandwidths for different transmission data rates [23].
The link bandwidth for 25 Gb /s using the NRZ modulation format is 16.3 GHz. For 50 Gb/s
using the PAM4 modulation format, the link bandwidth is the same. For 100 Gb/s using the
PAM4 modulation format, the link bandwidth is increased to 18 GHz. The link bandwidth
is nearly tripled for 200 Gb/s PAM4 transmission. Note that the link bandwidth for the
200 G system is based on our current estimate as no standard has been established yet. This
table clearly shows the need for a higher link bandwidth as the data rate increases.

Table 2. Link bandwidth required for different transmission rates for MMF systems.

Data Rate (Gbit/s) Modulation Format Link Bandwidth (GHz)
25 NRZ 16.3
50 PAMA4 16.3
100 PAMA4 18
200 PAMA4 50

Another factor to consider is the effect of chromatic dispersion on link bandwidth. The
benefit of further increasing the MMF modal bandwidth strongly depends on the VCSEL
RMS spectral line width, as discussed in the previous section. For current multimode VC-
SELs, the link distances for the OM4 fiber are shown in Table 3, assuming the worst VCSEL
RMS spectral linewidth of 0.65 nm [19], which represents the upper limit for multimode
VCSELs. At 25 and 50 Gb/s transmission rates, the achievable link distance is 151 m. For
100 Gb/s, the link distance is reduced slightly to 136 m. However, at 50 Gb/s transmission,
the link distance is reduced to less than 50 m. To achieve a transmission distance of 50 m,
the EMB of the fiber must be increased. Table 3 also includes a hypothetical MME, referred
to as OMXx, with a higher bandwidth than the OM4 fiber with an EMB of 6.1 GHz-km. This
fiber is used to illustrate how the link distance changes with higher bandwidth. It is not a
new product or a new standard proposal. For this fiber, the EB is increased to 2.602 GHz-km,
which can guarantee a transmission distance of 50 m. As mentioned in the previous section,
the 50 um core MMF can have a high modal bandwidth of about 13 GHz-km. However,
reaching this bandwidth value in practice is very challenging due to various imperfections
in the manufactured refractive index profile. For this new OMXx fiber with higher EMB, it is
expected that fiber yields will decrease, leading to higher manufacturing costs.

Table 3. Link distances for different transmission rates for MMF systems using OM4 MMF and a
hypothetical OMx MMF with higher EMB using multimode VCSELs. The RMS spectral linewidth for
the multimode VCSEL is assumed to be 0.65 nm.

OM4 MMF OMxMMF OM4 MMF OMx MMF OM4 MMF OMx MMF

Data Rate (Gbit/s) EMB (GHz-km) EB (GHz-km) Link Distance (m)
25 151 160
50 151 160
4.700 6.100 2.454 2.602
100 136 144
200 49 52

Another way to increase MMF EB is to reduce the spectral linewidth of the light source
by using few-mode VCSELs. Table 4 shows the link distances for the OM4 fiber and OMx
fiber when assuming the VCSEL RMS spectral linewidth of 0.4 nm. With few-mode VCSELs,
the transmission distance for every data rate is increased. For 200 Gb/s transmission, the
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link distance is increased to 66 m for OM4 and 74 m for OMXx, respectively. For lower data
rates, one can use lower-cost OM3 fiber to achieve desired distances.

Table 4. Link distances for different transmission rates for MMF systems using OM4 MMF and a
hypothetical OMx MMF with higher EMB using few mode VCSELs. The RMS spectral linewidth for
the few mode VCSELs is assumed to be 0.4 nm.

OM4 MMF OMx MMF OM4 MMF OMx MMF OM4 MMF OMx MMF

Data Rate (Gbit/s) EMB (GHz-km) EB (GHz-km) Link Distance (m)
25 203 228
50 203 228
4.700 6.100 3.315 3.711
100 184 206
200 66 74

3.2. Large Core MMF

As mentioned in the previous section, it is theoretically possible to achieve a bandwidth
as high as approximately 13 GHz-km. However, reaching this bandwidth value in practice
is extremely challenging due to various imperfections in the manufactured refractive
index profile. This is why OM4 and OMS5 are specified for EMB at 4700 MHz-km. The
modal bandwidth of MMFs is highly sensitive to small perturbations to the refractive
index profile. Further increasing the bandwidth of MMFs requires more accurate profile
controls, which poses significant challenges in manufacturing processes and increases
the fiber manufacturing costs. One approach to increasing fiber bandwidth with current
manufacturing technologies is to enlarge the core diameter, a concept proposed as a large
core MMF (LCMMF) [24,25].

The principle behind an LCMMEF is that the bandwidth depends on the core A, as
described in Section 2. The relative refractive index profile, or delta profile, of the LCMMF
takes the alpha graded-index profile, A(r) = Ag [1 — (r/a)*], as illustrated in Figure 9. The
fiber has a peak core delta Ay of 1%, the same as the standard MMEF, but a core radius
greater than the standard MMF of 25 um, and a parabolic shape with & about 2.1 at 850 nm.

ry a

r(um)

Figure 9. Schematics illustrating delta profile of the LCMMF and effective delta for the excited
core portion.

Even though the LCMMEF has a larger core, the light from VCSEL transceivers designed
for the 50 pm core MMF is launched into a fiber core portion smaller than the core diameter
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using the law of etendue conservation [26], as shown in the filled area of Figure 9. The
excited core portion of the LCMMF has a radius of r; and an effective delta of A.g. When
using the bandwidth BW5( of the 50 pum core MMF with 1% core delta as a reference, the
bandwidth of LCMMF BW/| ¢ is
A2
BWic = 5 BWso 4)
eff

Figure 10 illustrates the relative bandwidth improvement BWyc/BWs5y of LCMMF
over the 50 um core MME. For a 70 um core diameter, the bandwidth is doubled, and
for a 100 pm core diameter, the bandwidth increases by more than four times. However,
increasing the core diameter increases the germanium consumption in the core region,
which increases the material cost. We can choose a diameter that is slightly larger—for
example, around 60 pm—which corresponds to a bandwidth improvement by a factor
of 1.47. This core diameter will enable a modal bandwidth of about 6900 MHz-km as
compared to the 50 pm core diameter standard of the OM4 fiber.

Relative Bandwidth
w

50 60 70 80 90 100

Core diameter (um)

Figure 10. Relative bandwidth improvement over 50 um core MMF by increasing the core diameter.

We fabricated several LCMMFs to demonstrate the design concept. The actual fibers
have a core delta of 1% and core diameter of 100 and 70 um. The « value is around 2.1.
The fiber was characterized for modal bandwidth using the standard encircled flux launch
condition over a range of wavelengths. The measured modal bandwidths are shown in
Figure 11. As can be seen, the 100 um core diameter fiber has a peak modal bandwidth of
about 24 GHz-km around 870 nm, and the 70 um core diameter fiber has a peak modal
bandwidth of about 16 GHz-km around 850 nm, which are much higher than that of a
typical 50 pm MMF. The modal bandwidth results validate the LCMMF design concept
with a higher bandwidth. Such a high bandwidth feature makes the LCMMEF suitable for
high-data-rate VCSEL transmission systems. In addition, the LCMMF has more tolerance
to alignment offset. Figure 12 plots measured insertion loss as a function of lateral offset for
50, 70 and 100 pm core diameter fibers. For a 0.5 dB insertion loss, the 50 um core diameter
fiber can tolerate 5 um offset. For the same insertion loss, the offsets for the LCMMFs with
70 pm and 100 um core diameters are increased to 10 pum and 15 pm, respectively. The
large tolerance to offset makes the LCMMEF attractive for low-insertion-loss fiber connectors
and splices.
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Figure 11. Measured modal bandwidths of a 100 um and a 70 pm core diameter LCMME.
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Figure 12. Measured insertion loss as a function of offset for 50, 70 and 100 pm core diameter MMFs.

3.3. Long-Wavelength MMF

As discussed in Section 2, the fiber chromatic dispersion significantly impacts the EB
of MMF if a multimode VCSEL is used. For silica-based MMFs, the chromatic dispersion
depends on the operating wavelength. Figure 13 illustrates the chromatic dispersion
and attenuation changes with wavelength for MMF with a germanium-doped core of
1% delta. For 850 nm, the chromatic dispersion is approximately —96 ps/(nm-km). As
the wavelength increases towards 1300 nm, the absolute value of chromatic dispersion
decreases. Simultaneously, the fiber attenuation is also reduced. Table 5 compares the
chromatic dispersion, attenuation and EB of OM4 MMEF at 850 nm, 980 nm, and 1060 nm. At
980 nm, the chromatic dispersion is reduced to —52 ps/(nm-km), roughly half of the value
at 850 nm. For 1060 nm, the chromatic dispersion is further reduced to —34 ps/(nm-km),
which is about one-third of the value at 850 nm. Due to lower chromatic dispersion, the
EB of OM4 MMF increases from 2671 MHz-km at 850 nm to 3698 MHz-km at 980 nm, and
4182 MHz-km at 1060 nm. For 850 nm, the attenuation is 2.3 dB/km. The attenuation is
reduced to 1.2 and 0.9 dB/km for the wavelengths of 980 and 1060 nm, respectively, which
is another benefit for moving to longer wavelengths.
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Figure 13. Chromatic dispersion and attenuation changes with wavelength of MMF.
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Table 5. Comparison of chromatic dispersion, attenuation and EB for OM4 MMF at the wavelengths
of 850, 980 and 1060 nm. The VCSEL linewidth is assumed to be 0.6 nm.

Wavelength (nm) 850 980 1060

Chromatic dispersion (ps/nm-km) -96 —52 —34
Attenuation (dB/km) 2.2 1.2 0.9

EB for OM4 MMF (MHz-km) 2671 3698 4182

For long-wavelength MMFs, the refractive index profile needs to be optimized by
adjusting the o-value. As mentioned earlier in Section 2, for 850 nm, the optimal «-value
is 2.100. For 980 nm and 1060 nm, the optimal x-value is decreased to 2.069 and 2.055,
respectively, due to the lower chromatic dispersion.

MMFs optimized at 1060 nm have been reported [27]. Two MMFs reported in that
paper were of a quality between OM3 and OM4. However, 25 Gb/s transmissions have
been successfully demonstrated through 300 m of MMF with a 1060 nm VCSEL transceiver,
which clearly show the advantages of long-wavelength MMF transmissions. Recently,
a 980 nm optimized MMF was reported with a high bandwidth of 14.2 GHz-km [28].
Transmission of 56 G PAM4 signals over 500 m was successfully demonstrated over 500 m
fiber. With the VCSEL technology developments for long wavelengths, it is expected that
long-wavelength MMFs could increase the data rate and extend the reach for VCSEL-based
MMF systems.

3.4. Universal Fiber for Both Single-Mode and Multimode Transmission

MMFs and single-mode fibers are both used for different data center applications.
MMFs with VCSELSs offers cost-effective solutions for system reach up to about 100 m. For
longer-reach applications beyond MMF transmission distances, single-mode fibers must be
used. However, the overall cost of single-mode systems is significantly higher than MMF
systems due to the higher expense of single-mode transceivers, which arises from increased
manufacturing and packaging costs associated with single-mode lasers. In addition, single-
mode systems consume more power, which is a critical factor to consider in data center
operations. While it is feasible to adopt both multimode and single-mode fibers in data
centers, a uniform type of optical fiber that can accommodate both types of transmissions
is preferred to simplify fiber cable management and transceiver/connectivity logistics and
provide flexibility for future transceiver upgrades. To accommodate both single-mode and
multimode transmissions, a universal fiber (UF) was proposed and demonstrated [29-34].
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The UF has a multimode core that is designed to have a mode field diameter (MFD)
for the fundamental LPy; mode approximately matched to that of standard single-mode
fiber. As depicted in Figure 14, the multimode core design allows the use of VCSELSs for
low-cost transmission for short distances, similarly to conventional MMFs. At the same
time, the design that matches the MFD to that of standard single-mode fiber makes it
compatible with single-mode transceivers, so that single-mode transceivers can be plugged
in for transmission using only the fundamental mode for longer link distances.

VCSEL
Use multimode

SM Laser
Use fundamental mode

Figure 14. Schematic of universal fiber operations.

For a standard MMF with 1% core delta and 50 um core diameter, the MFD at 1310 nm
is 14.6 pm. This MFD is much larger than the 9.2 um value of standard single-mode fiber,
which can cause a coupling loss of almost 1 dB for the fundamental mode. This high
coupling loss results in not only power penalty to the system, but also system degradation
due to multipath interference (MPI).

To match the MFD of fundamental mode of MMF to that of standard single-mode fiber,
the core delta and core diameter of MMF need to be designed carefully. Figure 15 shows
MFD as a function of core diameter for MMFs with different core deltas. Figure 16 plots the
insertion loss between a single-mode fiber with an MFD of 9.2 um and UFs with different
MEFDs. If we choose the 0.1 dB insertion loss level, the MFD of UF can be as large as
10.7 um. For 1% delta, this corresponds to a core diameter of about 26 um. For 1.2% delta,
the corresponding core diameter is about 30 um. The larger core diameter and higher
delta help to reduce insertion loss for VCSEL transceivers. Further increasing the delta to
1.5% can enlarge the core diameter to about 35 pum. However, the larger modal dispersion
associated with this high delta degrades the modal bandwidth performance. Therefore, the
UF with 1.2% delta and 30 pm core diameter seems to be an optimal choice [30].

15

— 1% delta
14 -

—1.2% delta
139 ——1.5% delta

Jury
N

MFD at 1310 nm (uum)
= [
~N [¢e] (=} o [

10 20 30 40 50

Core Diameter (um)

Figure 15. MFD at 1310 nm as a function of core diameter for different core deltas.
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Figure 16. Insertion loss between UF and single-mode fiber with 9.2 um MFD.

An experimental UF with core delta 1.2% and core diameter about 31 pm based on the
optimized design discussed above was fabricated. The fiber attenuations were 2.2 dB/km
and 0.42 dB/km at wavelengths of 850 nm and 1310 nm, respectively. The measured
overfill modal bandwidth of the UF at 850 nm was 1.1 GHz-km with the peak bandwidth
4.13 GHz-km at 935 nm. Although the wavelength of the peak bandwidth was not at the
target of 850 nm, it was feasible to use this fiber to study the multimode and single-mode
transmission capabilities of the UF concept.

To demonstrate both single-mode and multimode transmission capabilities, the UF
was tested for system performance using multimode and single-mode transceivers. Table 6
summarizes the system testing results for the three types of multimode and single-mode
transceivers using the UF. The reaches for multimode transmission achieved can meet
most of link lengths in data centers. The single-mode transmission length exceeded the
2 km link length specified for the 100 G CWDM4 transceiver. These results clearly demon-
strate the dual transmission capabilities of UF, supporting both multimode and single-
mode operations.

Table 6. Demonstrated system reach lengths for multimode and single-mode transceivers using
the UF.

Type of Transmission Transceiver Wavelength (nm) Reach Length (m)
Multimode 100 G SR4 850 150
Multimode 100 G sWDM 850, 880, 910, 940 150
Multimode 100 G BiDi 850, 910 200
Single mode 100 G CWDM4 1270, 1290, 1310, 1330 2700
Single mode 100 G PSM4 1310 2000

The multimode core of UF can be designed for long wavelengths as well, such as
980 nm and 1060 nm, to take advantages of lower chromatic dispersion, as discussed in
Section 3.3. With the better bandwidth for the multimode core and single-mode transmis-
sion capability, it is expected that UF can find new applications for 800 G and beyond.

3.5. Few-Mode Transmission at Short Wavelengths Using Standard Single-Mode Fiber

A standard single-mode fiber that meets the ITU-T G.652 standard [35] has a cable cut-
off wavelength below 1260 nm. The fiber is single-mode above this cable cutoff wavelength
in the 1310 nm and 1550 nm transmission windows. At wavelengths shorter than 1260 nm,
such as 850 to 1060 nm, the fiber becomes a few-mode fiber (FMF), which can be used
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for few-mode transmission with few-mode or single-mode VCSELs [36—40]. To achieve
high bandwidth for few-mode operation, a standard single-mode fiber with a step-index
profile with an x-value greater than 5 is not suitable, as explained in Section 2. Instead, a
single-mode fiber with a graded-index profile can be designed to have high bandwidth for
few-mode operation and meet the ITU-T G.652 standard for single-mode operation, which
provides another option for universal fiber operation.

As an example, a graded index single-mode fiber was designed with a core delta of
0.41%, and a core radius of 5.95 um to meet the nominal requirements for single-mode fiber.
These requirements include an MFD at 1310 nm of approximately 9.2 um, zero-dispersion
wavelength around 1312 nm and cable cutoff wavelength around 1200 nm. For the band-
width of an FMF, the x-value is the most important parameter similar to its role in MMF.
A standard single-mode fiber supports two mode groups at 850 nm, LPy; and LPy;. By
selecting an appropriate x-value, the DMD between the two modes can be minimized and
the bandwidth can be maximized. Figure 17 shows the optimum «-value as a function of
the wavelength for the graded-index single-mode fiber. It can be observed that the optimal
a-value for this fiber is larger than that required for MMF, as shown in Figure 2, to achieve
the optimal modal bandwidth. Additionally, the slope of the curve has the opposite sign
compared to MME, indicating that as the «-value increases, the peak wavelength shifts to-
ward longer wavelengths. Furthermore, the sensitivity to the a-value for the graded-index
single-mode fiber is much lower, which is beneficial to the fiber manufacturing process.
Based on Figure 17, an «-value of 2.52 was chosen to achieve a DMD between the LPy; and
LPy; modes around zero at 850 nm, enabling the fiber to achieve very high bandwidth.

2.9
2.8
2.7

526
2.5
2.4
2.3

2.2
700 750 800 850 900 950 1000

Wavelength (nm)

Figure 17. Optimal « change with wavelength for a standard single-mode fiber with graded
index profile.

We have fabricated graded index single-mode fibers based on the design discussed
above. The single-mode properties are fully compatible with nominal requirements for
single-mode transmission. The fibers were tested for bandwidth at 850 nm using a bi-
modal fiber measurement method that we developed [41]. Figure 18 shows the measured
bandwidth at 850 nm as a function of the peak wavelength. A bandwidth as high as
48.3 GHz-km is demonstrated. From this figure, it is evident that precise control of the
profile a-value is critical to aligning the peak wavelength with the operating wavelength to
achieve high bandwidth. For the peak wavelength between 825 and 875 nm, the bandwidth
exceeds 3 GHz-km at 850 nm, which is sufficient for high-speed transmission using single-
mode VCSELs. Moreover, 25 Gb/s transmission through graded index single-mode fibers
has been demonstrated. Transmission distances from 100 m up to 1.5 km have been
achieved using fibers with bandwidth from 2.5 GHz-km to 48.3 GHz-km [39].
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Figure 18. Measured bandwidth at 850 nm for fibers with different peak wavelengths.

3.6. Fiber Bundle and Multicore MMF

In the era of artificial intelligence (Al), data center architectures are evolving to meet
the exponential demand for greater power, density, and speed. In addition to the traditional
network that interconnects servers, now referred to as the front-end network, a new
backend scale-out network has emerged for high-performance computing nodes. This
backend network requires significantly higher bandwidth density compared to the front-
end network. The rapid scaling of Al models is driving for optical interconnects to scale
up for replacing copper architectures for rack-scale deployments. These emerging optical
interconnect applications demand at least an order-of-magnitude increase in bandwidth
and bandwidth density with competitive cost and energy efficiency compared to copper
alternatives [42].

There are two approaches to increasing the total bandwidth of a transmission link [43].
The first approach is to increase the transmission speed of each fiber channel by raising the
modulation speed and enhancing the fiber bandwidth. However, increasing the modulation
speed can lead to a higher transceiver cost and greater power consumption, which is
undesirable for Al data centers that prioritize low cost and energy efficiency. The second
approach involves using lower transmission speeds for each fiber channel while employing
a large number of fiber channels to achieve the total transmission capacity. The approach is
referred to as ‘slow-and wide’ approach. It typically requires a micro-LED array or a VCSEL
array, combined with a fiber bundle or multicore fiber, to realize the total capacity [44,45].
The advantage is that the system can be optimized for low cost and low power consumption.

For making fiber bundles, thin coated MMFs have been proposed [46]. Figure 19
illustrates a thin coated MMEF. It consists of a core, a cladding, and a coating. The fiber
can have a core diameter D; from 30 to 50 um, a cladding diameter D, ranging from
40 to 115 um, and a coating diameter D3 ranging from 50 to 125 um. The coating is a single
layer with thickness of around 5-10 um. A hard coating material is used to improve coating
geometry accuracy and provide sufficient mechanical protection, as micro-bend attenuation
is negligible for transmission distances under 100 m. The reduced diameter fiber with thin
coating offers several advantages over conventional MMF with a 250 um coating diameter.
The fiber density is improved by a factor from 4 to 25. The thin coating layer does not need
to be removed for fiber bundling and connecterization [47], simplifying these processes.
Fibers with precision coatings can be stacked directly using a fixture to form a close-packed
array. Furthermore, the precision and abrasion-resistant coating enables an efficient process
for shaping fiber bundles into various geometries such as hexagonal and square.
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Cladding

Figure 19. Schematic of a thin coated MME.

As an example, a 169-fiber hexagonal bundle was fabricated using thin coated fibers.
In this example, the fiber has a 50 um core with OM3 quality and a cladding diameter of
110 pm and coating diameter of 125 um. The fibers were directly stacked using a fixture
to form a close-packed 169 fiber bundle. The ends of the fiber bundle were inserted into a
housing of 2.5 mm and polished. Figure 20 shows a picture of one end of the fiber bundle.
The positions have errors of less than 5 um relative to the ideal hexagonal grid, which are
sufficiently good for coupling using micro-LED sources.
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Figure 20. Cross-section picture of a 169-fiber bundle.

The fiber bundle process described above for 169 fibers can be scaled up to an even
large number of fibers. If we use a fiber bundle diameter of 2.5 mm, the number of 125 um
diameter fibers that can be combined into a bundle is 271 for hexagonal packing. If the
fiber diameter is reduced to 50 um, the number of fibers can be increased to 1801.

For core pitches less than 50 um, multicore fibers are a viable alternative, as manufac-
turing single-core fibers with diameters below 50 um is challenging. Multimode multicore
fibers with seven cores have been reported with core pitches of 39 um [48] and 42 pum [49].
However, to increase the core density, a higher core count of MM-MCFs is desirable. For
multicore fibers, the number of cores depends on the core pitch and fiber diameter. To
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maintain mechanical flexibility and bending reliability, the fiber diameter is typically lim-
ited to approximately 250 um. Assuming hexagonal packing and a core pitch of 10 um as
the lower limit, the maximum number of cores that can be accommodated within a single
fiber is 469. For other fiber diameters and core pitches, the number of cores ranges between
7 and 469. Additionally, multicore fibers can be bundled together to form multicore fiber
bundles, enabling the incorporation of several thousand to tens of thousands of cores.

We can fabricate multicore fibers by stacking core canes together and drawing into
fibers [50]. As an example, Figure 21 shows a cross-section picture of 19-core fiber. The
fiber diameter was 133.2 um, the core pitch was 26.6 um, the core diameter was 21.3 um,
and the cladding thickness was 2.7 um.

Figure 21. Cross-section picture of a 19-core fiber.

4. Future Prospects of MMFs for Al Data Center Applications

We have discussed a few recent designs of MMFs to improve their performance.
From a forward-looking perspective, the design of MMFs is expected to be increasingly
driven by the requirements of next-generation data centers, particularly Al computing
clusters characterized by high-bandwidth, low-latency, and energy-efficient short-reach
interconnects. In such environments, MMFs with optimized designs can effectively support
parallel optical links, making them well suited for high-radix switch fabrics and dense
optical I/O.

In parallel, the operational wavelength window of MMF systems is undergoing con-
tinuous evolution. While 850 nm remains the dominant window, increasing attention is
being paid to extending to long wavelengths (e.g., 950-1060 nm) with an improved VCSEL
performance, and to short wavelengths (e.g., 400-600 nm) with low-power micro-LED
sources. From a fiber design perspective, this trend motivates the development of MMFs
with a high bandwidth and low attenuation over broader wavelength ranges, as well as
potential exploration of short-wavelength operation to enhance bandwidth density with
lower power consumption and compatibility with emerging light sources.

Equally important is the development of low-cost and scalable manufacturing tech-
nologies for MMFs. Future design trends emphasize fibers that are tolerant to fabrication
imperfections, support high-volume production, and maintain backward compatibility
with existing OM-class standards. Advances in preform fabrication, refractive-index profile
control, lower germanium consumption and integration with low-cost cable, connectors
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and optical engines will be critical to reducing the overall cost and power consumption
per transmitted bit. Together, these design-driven advances indicate that MMFs will con-
tinue to evolve as a cost-effective and high-performance solution for short-reach optical
interconnects in future Al data center networks.

5. Conclusions

We have reviewed recent advancements in MMF technology aimed at increasing
bandwidth and improving transmission performance. MMF designs continue to evolve
to address the growing demand for higher data rates in short-reach links within data
centers. For 850 nm multimode VCSELs with a linewidth of 0.65 nm, further improving the
EMB of MMFs beyond OM4 levels provides only marginal performance gains due to high
chromatic dispersion. However, the benefits become more substantial if 850 nm VCSELs
transition to few-mode operation with a reduced linewidth of 0.4 nm or less. To further
enhance bandwidth, large-core multimode fibers (LCMMFs) offer a compelling option
beyond OM4 performance along with advantages such as greater tolerance for splicing
and connectorization.

Universal fibers, which support multimode transmission in the 850-1060 nm wave-
length range using VCSELs and single-mode transmission at 1310 nm using single-mode
lasers, present a unified fiber solution for both short- and long-distance links. Addi-
tionally, graded-index single-mode fibers could also serve as universal fibers, enabling
few-mode transmission at shorter wavelengths if single-mode VCSELs become avail-
able. For emerging scale-up and scale-out optical interconnects, MMF bundles and multi-
mode MCFs are promising solutions to increase bandwidth density while maintaining low
power consumption.

With ongoing innovations in MMF technology, MMFs are expected to remain a key
enabler of high-bandwidth-density, cost-effective, and energy-efficient solutions for data
centers in the era of artificial intelligence and beyond.
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