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Abstract. Spatial domain multiplexing (SDM), also known as space division multiplexing, adds a new degree of
photon freedom to existing optical fiber multiplexing techniques by allocating separate radial locations to different
channels of the same wavelength as a function of the input launch angle. These independent MIMO channels
remain confined to their designated locations while traversing the length of the carrier fiber owing to helical
propagation of light inside the fiber core. As a result, multiple channels of the same wavelength can be supported
inside a single optical fiber core, thereby allowing spatial reuse of optical frequencies and multiplication of fiber
bandwidth. It also shows that SDM channels of different operating wavelengths continue to follow an output
pattern that is based on the input launch angle. As a result, the SDM technique can be used in tandem
with wavelength division multiplexing (WDM), to achieve higher optical fiber bandwidth through increased photon
efficiency and added degrees of photon freedom. This endeavor presents the feasibility of a hybrid optical fiber
communication architecture in which the spectral efficiency of the combined system increases by a factor of “n”
when each channel of an “n” channel SDM system carries the entire range of WDM spectra. © 2016 Society of PhotoOptical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.8.086104]
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1 Introduction
Multidimensional channel capacity research indicates that
the employment of multiple degrees of photon freedom such
as amplitude, phase, polarization, space, and orbital angular
momentum (OAM) of photons can improve the spectral efficiency by multiple folds, even order(s) of magnitude higher
than that claimed in any fiber-optic experiment reported
to date. This increase in spectral efficiency, through added
degrees of photon freedom, can provide revolutionary capabilities to optical networks of the future. Increased channel
capacity has always been an important area of research in
electronic communications systems and improvements in
this regard have been reported on a regular basis. One such
channel capacity improvement concept that adds a new
domain to optical fiber multiplexing techniques is known as
spatial domain multiplexing (SDM). It was developed at the
Optronics Laboratory of Florida Institute of Technology and
has the potential to increase the optical fiber bandwidth to
T-bits/s range.1 SDM is an MIMO scheme and utilizes multiple pigtail laser sources of exactly the same wavelength to
launch light into a single-carrier fiber, in a fashion so that
resulting channels follow helical trajectories of different
radii and pitch while traversing the length of the fiber.
These helically propagating light beams form optical vortices inside the fiber and they carry their OAM;2–4 hence, the
screen projection of these beams at the output end appear as

radially separated concentric donut-shaped rings. As a result
this technique adds a new dimension, space, to the currently
popular multiplexing schemes such as TDM5 and wavelength division multiplexing (WDM)6–8 with the potential
to increase the bandwidth of existing and futuristic optical
fiber systems by multiple folds.
SDM9 allows propagation of multiple optical channels
inside the core of a single fiber as a function of radial location. Other variants of SDM10–13 are either akin to laying
down multiple fibers or have significant crosstalk constraints
limiting their practicality. In this endeavor, SDM channels
follow helical paths9,14–17 inside the core of a single fiber,
where the output of each channel is confined to a dedicated
radial distance from the center of the fiber core. The block
diagram of an MIMO system showing “n” SDM channels is
shown in Fig. 1.18,19 The location of the individual channels
is dictated by the input angles of the incident beams. Larger
input angles result in larger radii of the helical paths inside
the carrier fiber. The electric field at the center of these channels becomes null due to formation of optical vortices,20–22
with larger helical paths, by way of larger radii, generating
larger null regions. Consequently, signals exiting the output
end of the carrier fiber form donut-shaped rings, whose size
is determined by the launching angle of the input signal.
The block diagram shown in Fig. 1 represents a spatially
multiplexed MIMO architecture that can be reduced to
practice by directly integrating the spatial multiplexer into
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Fig. 1 Block diagram of “n” channel SDM system.

commercially available tapered multimode optical fibers.
The fiber core is typically 62.5 μm in diameter at all locations, except the input. At the input end, it starts at ∼140 μm
and gradually tapers down, with a constant slope, to 62.5 μm
over a distance of nearly 3 m. Multiple single-mode pigtail
lasers are used to launch light into the input end of this
tapered multimode carrier fiber. A broad range of input
angles within the numerical aperture (NA) of the fiber can
be used to excite the radially separated and spatially modulated SDM output pattern.
Commercially available single-mode pigtail laser diodes
operating at 635 nm with fiber coupled output powers of
∼2.5 mW and linewidth of about 0.4 nm are used to launch
light into the input end of a tapered multimode carrier fiber as
shown in Fig. 1, with input angles of ∼2 deg, 6 deg, 9 deg,
15 deg, and 18 deg. Screen projection of the intensity pattern
of resultant output is shown in Fig. 2. Typically in a TDM
system, a single optical channel occupies the entire area of
the fiber core while in the case of WDM systems a single
group of WDM channels (e.g., C-band or L-band) tends
to illuminate the entire core. However, the SDM system
allows spatial reuse of optical frequencies inside the fiber
by allocating unique radially distributed locations to each
individual channel while they traverse the fiber span.
Smaller input angles lead the smaller output radii while
larger input angles lead to larger annular ring-shaped output
intensity profiles. Figures 2(a)–2(e) show the output intensity
profiles for input angles of 2 deg, 6 deg, 9 deg, 15 deg, and
18 deg, respectively, while Fig. 2(f) shows a condition in
which all five channels are launched simultaneously into
the fiber, in accordance with the scheme shown in Fig. 1
and represents a factor of 5 increase in the fiber channel
capacity. Hence, if the spectral efficiency of a given fiber
channel is “X” bit/s/Hz, then an MIMO system employing
five SDM channels will have spectral efficiency of “5X” bit/
s/Hz. It is anticipated that SDM channel density could be
doubled to 10 in the near future by using better optics to

produce finer ring pattern and reducing the guard band spacing between adjacent channels.
SDM systems have been successfully tested for LAN
applications for distances up to 1 km.15 It is naturally suitable
for these applications as LAN networks are generally dominated by multimode fibers whereas applications such as
PDM and 32 QAM generally require single-mode or few
mode fiber networks. Furthermore, the individual SDM
channels do not occupy the entire core area. Hence the total
number of modes associated with each channel is significantly lower. Consequently, modal dispersion of SDM channels is lower and shows an improvement of about 35% when
compared to standard multimode optical communication
links.15
The conceptual architecture of the combined SDM and
WDM system as well as preliminary results for such an
architecture were presented elsewhere.16,17 This endeavor
builds upon the earlier work by first analyzing the relationship between acceptance angle and NA and then experimentally validates the fact that NA is independent of wavelength.
It also shows the possibility of a hybrid architecture that
combines SDM and WDM to allow for “n” times higher system bandwidth by adding another degree of photon freedom
(space) to optical fibers. The feasibility of such a design is
experimentally proven by showing that radial location of
the output of the SDM channels of different wavelengths
depends on the input launch angles alone, hence, proving
that the wavelength of the input channel has no bearing
on the location of the output channel.
The first WDM system was introduced in the 1980s as a
point-to-point communication system. This system worked
by allowing multiple channels of data to be transmitted
simultaneously by varying each channel’s wavelength
and passing it through a single fiber. This technique has
improved immensely since its first inception and has been
primarily sustaining the thrust of never ending bandwidth
demand in optical fiber communications and has only

Fig. 2 Output of a 5-channel SDM system for input angles of (a) 2 deg, (b) 6 deg, (c) 9 deg, (d) 15 deg,
(e) 18 deg, and (f) all five input angles.
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Fig. 3 Schematic of typical WDM system process.

recently started to reach the point of diminishing returns. At
the input of a WDM system, individual signals of different
wavelengths are combined into a single signal and coupled
into a carrier fiber, while at the output end of the fiber, they
are demultiplexed back to their individual signals as a function of their independent wavelength. This basic WDM concept is graphically shown in Fig. 3.
Fig. 5 Refractive index profile of glass.

2 Theoretical Analysis
In order for SDM to be used in conjunction with WDM,
the operation of SDM must be independent of wavelength,
or put simply, the ring location of a typical SDM output
must not vary as a function of wavelength. Otherwise, any
attempts to support multiple wavelengths via spatial modulation over a single-carrier fiber would cause these channels
to extend into adjacent channels, creating signal collision and
crosstalk, thereby nullifying the benefits of the SDM architecture. However, if the SDM output ring pattern and location are independent of the wavelength of the input, then a
simple architecture can be designed to demultiplex the signal. Such a design23–25 is presented in Fig. 4. By allowing
the typical output of an SDM system to fall over a carefully
tailored concentric hollow core ring structure, one can guide
the SDM signal into individual multimode fibers. In an SDM
and WDM combined hybrid architecture scenario, the
signals could be demultiplexed using the standard WDM
demultiplexing methods. On the contrary, if the SDM signals
were wavelength sensitive, the channels from different wavelengths may not be routed to the desired fiber for subsequent
transmission or detection over the network.
It is imperative to analyze the predicted location of the
SDM system output as the radial location of the SDM channel in a given fiber may change if there is a change in the NA
of the carrier fiber. The index of refraction of silica is composed of a real and an imaginary part and changes as a function of wavelength. This change for silica fibers is given by
the Sellmeier equation, presented as26,27

n2 ðλÞ ¼ 1 þ

EQ-TARGET;temp:intralink-;e001;326;534

M
X
Ai λ2
;
2
λ − λ2i
i¼1

(1)

where each term represents absorption resonance strength Ai
at a particular wavelength λi . Figure 5 shows the profile of
refractive index at different wavelengths.
This wavelength independence in optical fibers, despite
the differences in the refractive indices encountered by different wavelengths, owes to the fact that the output angle of a
ray in a fiber is equal to the input angle of the ray as long as
the ray emerges into a medium of the same refractive index
from which it was launched into the fiber.23 This relationship
is governed by the acceptance angle and the NA of the fiber.
The NA27 for optical fibers is governed by Eq. (2) which also
shows the critical or acceptance angle, θ.
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
NA ¼ n21 ðλÞ − n22 ðλÞ ¼ sin θ;
(2)
EQ-TARGET;temp:intralink-;e002;326;361

where n1 and n2 are the index of refraction for the core and
cladding of the fiber, respectively.
By expanding on Sellmeier’s equation, one can find
Eqs. (3) and (4) to determine the index of refraction for
n1 and n2 , respectively.
n21 ðλÞ ¼ 1 þ

EQ-TARGET;temp:intralink-;e003;326;266

A1 λ2
A2 λ2
A3 λ2
þ
þ
;
λ2 − λ21 λ2 − λ22 λ2 − λ23

(3)

Fig. 4 SDM demultiplexer architecture routing light from multiple WDM sources could be routed in to
a single-carrier fiber for subsequent transmission and detection.
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Fig. 6 NA plot for different kinds of doped fiber (a) GeO2 , (b) P2 O5 , (c) B2 O3 , and (d) fluorine.28

n22 ðλÞ ¼ 1 þ

EQ-TARGET;temp:intralink-;e004;63;380

B1 λ2
B 2 λ2
B3 λ2
þ
þ
;
λ2 − λ2x λ2 − λ2y λ2 − λ2Z

(4)

where A1 , A2 , A3 , λ1 , λ2 , and λ3 are the Sellmeier coefficients
for the core, and B1 , B2 , B3 , λx , λy , and λz are the Sellmeier
coefficients for the cladding.
Typically, optical fibers use silica as the base material for
their construction. To bring the refractive indices of the core
and the cladding to desired levels, various dopants are added
to modify the refractive index. The effect of different operating wavelengths on the NA28 of four common dopants,
GeO2 , P2 O5 , B2 O3 , and Fluorine29 are analyzed using the
Sellmeier equation.
Figure 6 is plotted based on Tables 1–4 showing that the
NA of standard optical fibers is independent of the wavelength of the signals. This is further reinforced by Snell’s
law which supports that the output angle of the traversing
signal will be equivalent to its input angle, within the NA
of the fiber, irrespective of the operating wavelength of
light. This relationship is graphically shown in Fig. 7.

Since, the NA of the fiber does not vary with wavelength, the output angle is equivalent to the input angle.
Consequently, the SDM signal is independent of the operating wavelength and the location of the output rings will not
change as the wavelength is varied; hence, SDM lends itself
to be used in conjunction with WDM-based systems, and a
hybrid architecture combining SDM and WDM is feasible.
3 Experimental Verification
It has been shown that a 635-nm source follows a one-to-one
linear relationship between input and output angles9,30 within
the NA of the fiber. However, for SDM to work with WDM,
it is important to establish that this relationship holds true for
all wavelengths. Therefore, an experimental SDM system
composed of three laser sources with three different wavelengths: blue at 405 nm, green at 532 nm, and red at 635 nm,
with individual linewidths of less than 0.4 nm was set up.
These signals were launched into a single-carrier fiber
with NA of 0.22 at different angles and the output was
projected onto a graduated screen. The core and cladding

Table 1 Sellmeier coefficients for germanium oxide-doped silica acting as core (13.5% GeO2 þ 86.5% SiO2 ) and pure silica acting as cladding
(100% SiO2 ).
A1 ¼ 0.73454395

A2 ¼ 0.42710828

A3 ¼ 0.82103399

λ1 ¼ 0.08697693

λ2 ¼ 0.11195191

λ3 ¼ 10.846540

B 1 ¼ 0.6961663

B 2 ¼ 0.4079426

B 3 ¼ 0.8974994

λx ¼ 0.0684043

λy ¼ 0.1162414

λz ¼ 9.896161
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Table 2 Sellmeier coefficients for phosphorus pent oxide-doped silica acting as core (9.1% P2 O5 þ 90.9% SiO2 ) and pure silica acting as cladding
(100% SiO2 ).
A1 ¼ 0.695790

A2 ¼ 0.452497

A3 ¼ 0.712513

λ1 ¼ 0.061568

λ2 ¼ 0.119921

λ3 ¼ 8.656641

B 1 ¼ 0.6961663

B 2 ¼ 0.4079426

B 3 ¼ 0.8974994

λx ¼ 0.0684043

λy ¼ 0.1162414

λz ¼ 9.896161

Table 3 Sellmeier coefficients for pure silica acting as core (100% SiO2 ) and boric oxide-doped silica acting as cladding
(13.3% B2 O3 þ 86.7% SiO2 ).
A1 ¼ 0.6961663

A2 ¼ 0.4079426

A3 ¼ 0.8974994

λ1 ¼ 0.0684043

λ2 ¼ 0.1162414

λ3 ¼ 9.896161

B 1 ¼ 0.690618

B 2 ¼ 0.401996

B 3 ¼ 0.898817

λx ¼ 0.0619

λy ¼ 0.123662

λz ¼ 9.09896

Table 4 Sellmeier coefficients for pure silica acting as core and (100% SiO2 ) and fluorine (F)-doped silica acting as cladding (2%F þ 98% SiO2 ).
A1 ¼ 0.6961663

A2 ¼ 0.4079426

A3 ¼ 0.8974994

λ1 ¼ 0.0684043

λ2 ¼ 0.1162414

λ3 ¼ 9.896161

B 1 ¼ 0.67744

B 2 ¼ 0.40101

B 3 ¼ 0.87193

λx ¼ 0.06135

λy ¼ 0.12030

λz ¼ 9.8563

Fig. 7 Relationship between input angle and output angle for an optical fiber. The input angle is the same as the output angle as long as
the angles are within the critical angle of the fiber.

refractive indices were 1.47 and 1.453, respectively. The
screen projections for these three wavelengths, spanning a
range of ∼230 nm, are shown in Fig. 9 for input angles of
4 deg, 7 deg, 11 deg, and 13 deg. The results are then analyzed. Figure 8 sketches the experimental setup. By applying
the inverse tangent law on the output signals, the output
angles of the resultant rings were determined as
θt ¼ tan−1

EQ-TARGET;temp:intralink-;e005;63;280

r
:
D

(5)

Fig. 9 Output ring patterns for wavelengths of 405, 532, and 635 nm
for input angles ranging from 4 deg to 13 deg.31

Equation (5) provides the relationship between the
radius of the output rings and the transmission angle. Using
results presented in Fig. 7 and the inverse tangent law, the

Fig. 8 Relationship between transmitted angle, θt, and the radius of
the output ring, r , which follows a simple inverse tangent relationship.
Optical Engineering

Fig. 10 Transmitted angle verses incident angle for the SDM system
over the visible spectrum.

086104-5

August 2016

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 9/26/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

•

Vol. 55(8)

Murshid et al.: Wavelength independency of spatially multiplexed communication channels in standard. . .
Table 5 Experimental data for red light (wavelength 635 nm).

Incident
angle,
θi deg

Inner radius
of SDM
channel (cm)

Table 7 Experimental data for blue light (wavelength 405 nm).

Outer
radius
(cm)

Average
radius
(cm)

Transmitted angle,
r 
θt deg ¼ tan−1 avg
L

Incident
angle,
θi deg

Inner radius
of SDM
channel (cm)

Outer
radius
(cm)

Avg.
radius
(cm)

Transmitted angle,
r 
θt deg ¼ tan−1 avg
L

4

0.2

0.3

0.25

4.205357

4

0.2

0.3

0.25

4.205357

5

0.25

0.4

0.325

5.460213

5

0.25

0.4

0.325

5.460213

6

0.3

0.4

0.35

5.877393

6

0.3

0.4

0.35

5.877393

7

0.4

0.5

0.45

7.539445

7

0.4

0.5

0.45

7.539445

8

0.45

0.55

0.5

8.365886

8

0.45

0.55

0.5

8.365886

9

0.5

0.6

0.55

9.188836

9

0.5

0.6

0.55

9.188836

10

0.575

0.65

0.613

10.212113

10

0.575

0.6

0.588

9.83568

11

0.65

0.75

0.7

11.63363

11

0.65

0.75

0.7

11.63363

12

0.7

0.8

0.75

12.43956

12

0.7

0.8

0.75

12.43956

13

0.75

0.85

0.8

13.24052

13

0.75

0.85

0.8

13.24052

Table 6 Experimental data for green light (wavelength 532 nm).

Incident
angle,
θi deg

Inner radius
of SDM
channel (cm)

Outer
radius
(cm)

Average
radius
(cm)

Transmitted angle,
r 
θt deg ¼ tan−1 avg
L

4

0.2

0.3

0.25

4.205357

5

0.25

0.4

0.325

5.460213

6

0.3

0.4

0.35

5.877393

7

0.4

0.5

0.45

7.539445

8

0.45

0.55

0.5

8.365886

9

0.5

0.6

0.55

9.188836

10

0.575

0.65

0.613

10.212113

11

0.65

0.75

0.7

11.63363

12

0.7

0.8

0.75

12.43956

13

0.75

0.85

0.8

13.24052

transmitted versus the incident angle for the three wavelengths spanning 230 nm in the visible range is shown in
Fig. 10, which reiterates that the output angle of light is independent of the wavelength. Tables 5–7 show the input and
output angle correlation for different launching angles at
three different wavelengths. Furthermore, the broad range
of wavelength used in this experiment implies that the
SDM system could be applied to the entire range of any optical transmission window. The results match very closely
except for the incident angle of 10 deg, which is attributed
to experimental discrepancies.
Figures 9 and 10 show that the transmission angles follow
a linear relationship to incident angles for wavelengths in the
visible spectrum. Therefore, the SDM system is compatible
with WDM systems within the visible spectrum; however,
current fiber optical communication systems utilize lower
infrared spectrum to minimize attenuation and dispersion in
silica fibers during transmission. In order to establish the
feasibility of the SDM/WDM hybrid architecture32–37 at standard telecom wavelengths used by standard optical communications systems, simulated results generated by OptiBPM
optical simulation engine were used. An SDM model was

Fig. 11 E-field patterns for 1530 and 1565 nm wavelengths after passing through the SDM system.27
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designed, simulated, and tested38 using wavelengths of 1530
and 1565 nm. The three-dimensional E-field profiles for
these two wavelengths are shown in Fig. 11 which shows
remarkable similarity between the two profiles.
The E-field profiles for 1530 and 1560 nm indicate that
the output rings occupy the same location for both wavelengths provided the input angles are same. This ensures
the compatibility of combined WDM–SDM architectures for
a broad range of wavelengths, including C-band. Currently,
DWDM channel density is about 80 to 96 channels for
L-band and C-band. Therefore when a five-channel SDM
system is complemented by a 96-channel DWDM architecture with 50-GHz channel spacing, the resultant network will
be able to support up to 480 channels. Therefore, the bandwidth of a 10 Gb∕s optical channel can be pushed to
4.8 Tb∕s when a hybrid system combining DWDM with
SDM is employed.
4 Conclusion
The SDM system is compatible with WDM systems as the
SDM signal output profile is independent of the wavelength.
The Sellmeier equation model as well as experimental results
confirm that the physical location of SDM output signals
depends only upon the input angle for a broad range of wavelengths, including visible as well as infrared spectra. Hence,
SDM systems can be employed in hybrid architectures to
work in conjunction with WDM-based systems, allowing a
new degree of photon freedom to enable significantly higher
optical communication data rates.
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