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Misalignment in SSMF Links based on 850nm VCSELs
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A low cost polymer-based structure is proposed to improve the coupling between fiber end section and
photodetector active surface in optical links based on Standard Single Mode Fiber (SSMF) which em-
ploy Vertical Cavity Surface Emitting Lasers (VCSELs) operating at 850nm, i.e below the SSMF cut-off
wavelength. Considering as receivers small area detectors, which are generally necessary to guarantee
high-speed operation, but at the same time are particularly subject to power fluctuations due to modal
noise (whose impact is in turn enhanced in presence of fiber-to-photodetector misalignment), significant
achievements are demonstrated by employing the presented structure. Indeed, in presence of a misalign-
ment of±4 to±6 µm, which is nowadays typically achievable, the relative optical power fluctuations due
to modal noise reduce in the presented case more than 4 times (2.5% from more than 10%) with respect to
the case of butt-coupling, which implies an increase of the same factor in the output Signal to Noise Ratio
at the receiver end. © 2020 Optical Society of America

OCIS codes: (060.2330) Fiber optics communications; (250.5460) Polymer waveguides

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Optical infrastructures based on Standard Single Mode Fibers
(SSMFs) are widespread deployed, mainly because, at wave-
lengths λ greater than the cutoff value λc ' 1260nm, their single
mode operation entails a great exploitability for present and
future high speed applications. Indeed, using the Multimode
fiber (MMF) or, for short connections, the Plastic Optical Fiber
(POF), the bandwidth-length product would sooner or later stop
to satisfy the ever growing bandwidth request of the final user,
leading to a frequent need of infrastructure upgrading.

Visiting typical vendors websites, it can be seen that, as an
additional attractive feature, the SSMF has reached nowadays a
lower price-over-meter if compared to the MMF, for connections
equal or greater than a few hundred meters length, thanks to its
simple manufacturing process and widespread diffusion in the
market. This aspect, in conjunction with the fact that in many
instances a capillary SSMF network is already available, makes
the use of this infrastructure attractive for all those applications
in which a major objective to be reached is to keep at low levels

the global cost of the whole optical system.

Examples in this context include optical systems operating
at λ < λc, like those based on short-λ Vertical Cavity Surface
Emitting Lasers (VCSELs), which indeed exhibit as attractive
features a low fabrication cost and a low energy consumption
together with a high modulation bandwidth. In addition, the
combination of their typical values of adiabatic chirp coefficient
and optical power emitted make them, for short to medium
range connections, to be a cheap and efficient alternative to Dis-
tributed Feedback Lasers (DFBs) operating at 1310 or 1550 nm, in
which the high values of adiabatic frequency chirp can be source
of impairments [1–4], while the high value of power emitted can
determine undesired noise produced by back-scattering effects
[5–7].

Actually, at present these devices are not typically used with
SSMFs, since, due to their limited core area and step-index pro-
file, the resulting optical system risks to feature relatively high
degrees of laser-to-fiber coupling losses and intermodal disper-
sion. MMFs or POFs can constitute in this view a preferable

http://dx.doi.org/10.1364/ao.XX.XXXXXX


Research Article Applied Optics 2

option because their larger core area and/or their graded-index
profile guarantee in principle lower coupling losses and higher
transmission bandwidths [8–10].

However important investigations have been recently under-
taken with the aim to move the use of such devices to optical
systems where a single mode or quasi-single mode operation is
obtained. In particular, the use of 1060 nm VCSELs realized in
GaAs technology, has been reported in the context of datacenter
networks, where the error-free baseband data-transmission of
50 Gbit/s has been recently achieved utilizing 1km of a non-
standard fiber exhibiting single mode behavior at that λ [11].
Moreover, in the context of the wireless coverage of in- and out-
door environments, 850 nm VCSEL-based systems have been
demonstrated which confirm the possibility to exploit SSMF-
based optical connections [12–15].

With reference to this last scenario, in order to exploit the
mentioned attractive features of VCSELs for high speed signal
transmission, SSMFs must be coupled to high-speed photode-
tectors which are generally characterized by small detecting
areas. If the technique employed to couple optical fibers and
photodetectors consists in the so called “butt-coupling”, this fact
risks to cause high levels of relative fluctuations of the received
photocurrent due to the phenomenon of modal noise.

Indeed, in presence of a small detecting area, utilizing this
simple solution, which consists in directly attaching the fiber to
the device [16], even short values of the misalignment between
the center of the active surface of the photodetector and the cen-
ter of the fiber end section (fiber-to-photodetector misalignment,
FPM) can cause non-negligible values of the overlap integral
between the two different Linearly Polarized (LP) modes prop-
agating within the SSMF for λ = 850nm [17, 18]. This fact
determines even at short distances the mentioned presence of
photocurrent fluctuations, which, excluding cases of beneficial
exploitability for particular characterization measurements [19],
are in general undesired since they typically lead to the presence
of distortion terms and/or to the decrease of the Signal to Noise
Ratio (SNR) both in Analog and Digital Optical Connections
[20–22].

Solutions which reduce the impact of modal noise have then
been proposed in literature, for example applying a preventive-
mode filtering operation, useful also to remove intermodal dis-
persion [23–25], or superimposing a low frequency modulation
tone [26] in order to have a less coherent source and therefore
mitigate modes interference effects.

However, if the effects of FPM are reduced through an appro-
priate coupling device, the modal noise issue can, in principle,
be preventively solved, without the need of additional external
components, filters or signals. In this view, possible solutions
are those based on micro optical elements such as lenses/ ball-
lenses, which, however, must be placed and actively aligned
to the device, adding overall extra costs and complexity at the
packaging stage [27–29]. Within the same view, a solution for
realizing a fiber / photodetector coupling structure which main-
tains low cost features, can be obtained through the so called
ICON technology [30], which is based on an integrated polymer-
based waveguide realized through a collective monolithic wafer
level process. This technology showed, with reference to SSMF-
based links operating at 1550 nm, to maintain at high levels the
value of the received optical power even in presence of impor-
tant FPMs [31].

In the present work, it will be shown that applying the ICON
technology to 850nm SSMF-based optical links, a great reduction
of the impact of modal noise can be obtained. This result, which

is a connected to the capability of this technology to mitigate
the effects of FPMs, leads to an important increase of the global
system performance.

The paper is organized as follows. In Section 2 the math-
ematical model describing the modal noise in the considered
optical link will be illustrated. In particular, the quantities to
be appropriately controlled in view of maintaining its effects
at low levels will be evidenced. Section 3 describes the design
and realization of the taper structure illustrating the theoretical
results in terms of coupling and tolerance to FPMs obtained with
a simulation tool based on the Beam Propagation Method (BPM).
In Section 4 the evaluation of the beneficial effect in terms of
reduced impact of modal noise are described, in agreement with
the model proposed in Section 2. Finally Conclusions will be
drawn in Section 5.

2. MODAL NOISE IMPACT: MATHEMATICAL MODEL

The impairments produced by modal noise in optical link perfor-
mances have been studied with reference to MMFs [32, 33], POFs
[34] and SSMFs operating below the nominal cut-off wavelength
[25]. The last scenario is particularly critical for λ = 850 nm, be-
cause in this case the presence of practically just two propagating
modes enhances the effect of modal noise.

To model mathematically this operating condition, a sin-
gle wavelength source is considered, emitting at the optical
frequency ωopt and producing the transmission electrical field
Eopt(t), which, at the input section of the SSMF, reads as:

~Eopt(t) = E0ejωoptt~e (1)

where E0 =
√

P0, P0 is the optical power emitted and ~e repre-
sents the normalized electrical field.

Considering the presence of two SSMFs connected (as the
case of a simple pigtail connected to a span of fiber) of length
z1 and z2, respectively, the power carried by two modes of am-
plitudes A1 and A2 at the end section of the second fiber can be
written as follows [33]:

~Eopt(t, z1 + z2) =

~E0ejωoptt
2

∑
m=1

2

∑
n=1

Am Ananm~e
(2)
m e−j

[
β
(1)
n (t)z1+β

(2)
m (t)z2

]
(2)

In (2) βi
k(t) (i,k=1,2) is the propagation constant of the k–th mode

of the i–th fiber, which is assumed to exhibit a variation in time
because of changes in environmental quantities, like tempera-

ture. Furthermore,~e (2)m is the normalized field of the m–th mode
of the second fiber, and A1, A2 are considered so that ∑i A2

i = 1.
Finally, the value anm represents the mode matching coefficient
between the n–th mode of the first fiber and the m–th mode of
the second fiber defined as follows:

anm =
∫

S∞

~e (1)n ·~e ∗(2)m dS, n, m = 1, 2 (3)

The square of anm represents then, the power coupled be-
tween the n–th mode of the first fiber with the m–th mode of
the second fiber, which indeed is determined by the connector
misalignment.

Not considering, for the sake of clarity, the contributions of
sources of noise different from modal noise (e.g. shot, RIN), the
optical power received at the detector can be written as
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P(t) =
∫

SPD

|~Eopt(t, z1 + z2)|2dS = µopt + ∆Popt(t) (4)

where SPD is the surface area of the photodetector, while the
mean value (µopt) and the fluctuation (∆Popt) of the received
optical power can be straightforwardly derived as follows:

µopt = P0

2

∑
m=1

2

∑
n=1

A2
na2

nmbmm (5)

∆Popt(t) =

2P0

2

∑
m=1

A1 A2a1ma2mbmm cos
[
∆β

(1)
12 (t)z1

]
+

2P0

2

∑
n=1

2

∑
k=1

An Akan1ak2b12 cos
[
∆β

(1)
nk (t)z1 + ∆β

(2)
12 (t)z2

]
(6)

In Eq. (5) and Eq. (6) ∆β
(i)
nk = β

(i)
n (t) − β

(i)
k (t) and the bnm

terms are defined in the following way:

bnm =
∫

SPD

~e (2)n ·~e ∗(2)m dS, n, m = 1, 2 (7)

Due to the orthonormality property of the normalized modes’
fields, if SPD were infinitely extended, it would be bmm = 1.
However, due to the finite value of the area SPD, it is typically
bmm < 1, and the value of bmm represents then the correspond-
ing power loss of the m–th mode. Analogously, the term b12
would be equal to zero if SPD were infinitely extended. This
would imply absence of fluctuations of the received power (see
Eq. (6)), regardless of the presence of FPM. However, due to the
finite value of the area SPD, in presence of FPM the collecting
surface "seen" by the modes loses some degree of symmetry. This
determines a non-orthonormality of the modes’ fields, which re-
sults in an increase of b12 with respect to the value (theoretically
b12 = 0) that it exhibits in absence of FPM, and consequently
causes fluctuations of the received power.

The expression of the standard deviation of the received
power σopt can then be computed as:

σopt =
√

var(∆Popt) (8)

It is now possible to determine the expression of the relative
fluctuation of the optical received power Γopt, which is typically
utilized to quantify the impact of modal noise in optical links
[35], and is given by:

Γopt =
σopt

µopt
(9)

The model just illustrated shows that to keep modal noise un-
der control, it is necessary that Γopt keeps low values under the
typical operating conditions. Failure to fulfill this requirement
would determine serious problems, in particular for reduced
area photodetector. Indeed, in this case, even small FPMs can
easily result in a reduction of µopt, due to the decrease of the
effective photodetector receiving area, and, at the same time, in
a possible increase of σopt due to the variation of the quantity
b12 mentioned above. This fact is clearly shown in Figure 1, in
which the quantities µopt, σopt (both normalized to P0) and Γopt
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Fig. 1. Example of modeled values of µopt/P0 (a), σopt/P0 (b)
and Γopt (c) as a function of the value of FPM, for different
values of the photodetector diameter. See text for details.
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(expressed in percentage) are separately modeled as functions of
the value of FPM for different detector active areas. The model
considers the case in which the two modes have the same power,
i.e. A2

1 = A2
2 = 0.5, and the misalignment between the two

fibers is 0.25µm.
As mentioned in the Introduction, aim of the work here pre-

sented is precisely to demonstrate that utilizing the polymeric
taper realized through the ICON technology to improve the
coupling between fiber end section and photodetector active
area, the twofold result of maintaining µopt at high values and
maintaining σopt at low values can be obtained in front of a wide
range of values for the FPM, globally resulting in a low value of
Γopt. As opposed to that, in front of the same range of values of
FPM the butt-coupling would in general determine high values
of Γopt due to the variation of the quantity b12 mentioned above.

3. DESIGN AND REALIZATION OF THE PROPOSED
STRUCTURE

A. Structure description
The fabricated 3D coupling structure is realized with a vertical
tapered waveguide made of SU-8 polymer, to be placed in direct
contact with the active device as shown in Figs. 2a and 2b.

Optical

Fiber

Taper

Taper

Arm

(a)

TWF

TWD

PD

TH

(b)

Fig. 2. 3D (a) and side (b) view of the polymer-based struc-
ture and its parameters. In particular, TWF: Taper width in
contact with the fiber, TWD: Taper width in contact with the
photodiode and TH: Height of the taper.

The physical realization of the structure is based on the process
described in [30]. This process starts with the spin-coating of
SU-8 on the desired wafer of devices, followed by a controlled
dose of UV light exposure given in absence of wavelength filters,
controlling properly in this way the angle of the taper. Moreover,
to increase the robustness and mechanical stability of the struc-
ture, an anchoring system (taper arm) is designed allowing it to
maintain its vertical position without altering the propagation
(see Fig. 2a). This last operation exploits the privileged partial
isotropy of the photolithographic process under exposure of the
resist material. The whole structure is then manufactured in the
same volume of SU-8 by exploiting a single photolithography
step.

In this way, differently from other techniques which require
an active alignment (as for example the placement of mechanical
receptacle ball lenses), an intermediate optical coupling structure
is present, giving high optical coupling efficiency η and large
tolerance to misalignment. A direct consequence is that both
optical alignment and assembly process become passive, since it
is not required to bias the active device during the alignment, so
that the use of high precision and expensive equipment is not
necessary.

Note that η is defined as the ratio of the quantities µopt and
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Fig. 3. Simulation results of the proposed taper structure at
850nm a) Coupling efficiency η as function of TWF and TH, b)
1dB alignment tolerance as a function of TWF and TH.

P0 defined in Section 2. It therefore gives an immediate informa-
tion on the behavior of the average received power µopt, since it
represents the normalized version of such quantity.

B. Design Parameters determination
Through numerical simulations, which have been performed
assuming the structure to be coupled with a photodetector with
an active area of 10 µm, it has been possible to evidence a great
improvement, with respect to the butt-coupling case, of the 1dB
tolerance to misalignment of the coupling efficiency, defined
as the misalignment value at which the coupling efficiency de-
creases by 1dB with respect to its maximum value.

The analysis has been performed with the use of the Beam-
PROP tool from RSOFT© software based on BPM. The simula-
tion has been performed considering a fiber diameter of 9µm, a
core refractive index of 1.468, a numerical aperture of 0.13 and
taking into account the propagation of both the fundamental
LP01 and the high order LP11 modes with the same level of am-
plitude.

Figures 3a and 3b show the behavior of the received power
efficiency and the 1dB tolerance misalignment, respectively, as
function of the height of the taper TH and of the top side cone
diameter TWF, by fixing the value of TWD = 11µm and the PD
active area side at 10 µm.

Fig. 3a suggests that for TWF higher than 23-24µm, the power
efficiency could be increased up to 100%, and that even for
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smaller values of TWF it would not however go below 99%.
This can ben explained by the fact that at 850nm the field shape
is highly concentrated into the fiber core [36] if compared to
higher wavelengths. Moreover, Fig. 3b shows that for TH>50µm
the 1dB alignment tolerance increases almost proportionally for
increasing TWF independently on TH.

According to Figure 3 the height has a limited impact in
the range of study, as the opening angle of the cone is limited.
Therefore combining these simulation results with the techno-
logical process considerations, the structure employed has been
designed to have TH=100µm, TWD=11µm and TWF=25µm in
order to provide the best mechanical stability and robustness
to the structure together with satisfying 1dB tolerance perfor-
mances.

4. PERFORMANCE EVALUATION OF THE PROPOSED
STRUCTURE

A. Setup utilized
The experimental setup utilized is depicted in Figure 4.

Fig. 4. Experimental setup based on diaphragm approach. The
two arrows starting from the climatic chamber indicate the
two temperature regimes utilized for evaluating respectively
the received power in the XY plane in stable environmental
conditions(a) and the relative power fluctuations caused by
modal noise in front of temperature variations (b). The two
arrows starting from the diaphragm indicate its detailed struc-
ture when testing respectively butt-coupling (c) and ICON
technology (d). See text for further details.

An 850nm single mode (SM) VCSEL was coupled to a short
pigtail of SSMF, followed by 30 meters of G.652 fiber placed
inside a climatic chamber, whose purpose was twofold. At first,
the temperature was kept constant (see the correspondent behav-
ior of ∆T versus time in Figure 4), in order to evaluate in a stable
environment the behavior of the received optical power in pres-
ence of various FPMs within the plane (XY). This measurement
aimed to evaluate µopt in the considered FPM range, compar-
ing the cases of utilization of the ICON technology and butt
coupling. Subsequently, FPM was let to vary within a chosen
direction in the XY plane considered, and controlled tempera-
ture variations were forced with ± 1◦C/min maximum slope
in the fiber (see again the correspondent behavior of ∆T versus
time). This second measurement aimed to evaluate the power

fluctuations due to modal noise, comparing in the cases of uti-
lization of the ICON technology and butt coupling the quantities
σopt and Γopt. To perform the measurements, the output of the
climatic chamber was connected to an optical probe which was
set perpendicularly to the wafer under test. The probe was fur-
ther movable by using a nano-positioner in order to control the
misalignment between the fiber and the structure considered
(see again Figure 4).

To have at disposal an optical receiver with known collecting
characteristics, an Aluminum-based diaphragm which emulates
the active area of a photodiode was placed over a glass substrate,
below which an optical power meter was placed, based on a de-
tector with wide active area. The metallic diaphragm was used
to define with certainty the size of the photodetector (10 µm
diameter in the present case) and measure, even without the use
of a physical device, the amount of light which impacts the sur-
face by creating an equivalent configuration. In particular, when
the butt coupling configuration was tested, (see Figure 4 (a))
the fiber end section was directly illuminating the diaphragm.
Instead, when the ICON polymeric taper was tested, (see Figure
4 (b)) the fiber end section was illuminating its larger section
(width TWF), while its shorter section (width TWD) was directly
connected to the diaphragm.

All the structures were directly fabricated in cleanroom, guar-
anteeing a direct availability. As the process is simple, they could
be realized very easily and with high repeatability, including
adhesion of SU-8 on glass, which proved to be excellent.

B. Average received power
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Fig. 5. XY plane view of the coupling efficiency in case of butt-
coupling (a) and ICON technology (b).
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Figures 5a and 5b give a complete view of the measured val-
ues at constant temperature of η = µopt/P0, for varying values
of the fiber misalignment in the XY plane, where the value of P0
was measured as the optical power received by the power meter
in absence of glass, diaphragm and ICON polymeric taper. The
higher value of µopt/P0 obtainable with the ICON technology
with respect to the butt coupling is confirmed for all the values
of FPM in the XY plane.

It can be however observed that, while figure 5a presents a
substantially symmetric behavior, an asymmetry is observable
in Figure 5b, which can be related to the real physical shape of
the structure realized with the ICON technology. Due to the
presence of this asymmetry, the value of 1dB tolerance improve-
ment depends on the angle of slice. However, the 1dB tolerance
is always greater than ±7.5 µm, reaching a maximum value of
±9 µm, in front to a value that is always around ±4 µm in the
case of butt-coupling. In addition, the ratio between the two
areas for which the efficiency loss is lower than 1dB results to be
about 175µm2/50µm2 = 3.5 indicating an important average im-
provement of µopt/P0 exhibited by ICON technology compared
to the butt-coupling technique.
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Fig. 6. Slice section measurements (cross and stars) of the
power efficiency and corresponding BPM simulations (dashed
lines) obtained for the butt-coupling (a) and ICON technol-
ogy (b) cases. The 1dB fiber misalignment tolerance is also
highlighted in the two figures.

Figures 6a and 6b compare experimental and theoretical val-
ues of η as a function of FPM in case of butt-coupling and ICON
technology coupling, respectively, again at constant temperature.
The angle of slice chosen in the ICON technology case was the
one giving the largest 1 dB tolerance. The experimental values
come from the same measurements which led to figures 5a and
5b, while the theoretical ones result from BPM simulations. A
very good agreement between modelled and measured values
can be appreciated. The fact that the theoretical 100% of optical
coupling efficiency is not exactly reached in the ICON technol-
ogy case can also in this case be ascribed to the real physical
realization of the considered specimen.

C. Fluctuations of the received power

To test the effect of the structure developed on the power fluctu-
ations due to modal noise, the optical probe is progressively
placed in several misaligned positions (see again the setup
shown in Fig. 4), which ranged from -10 µm to 10 µm tak-
ing as reference the results obtained in Figures 6a and 6b. As
mentioned previously, in correspondence to each position, the
fiber has been exposed to controlled temperature variations of
± 1◦C/min maximum slope which caused the onset of modal
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Fig. 7. Measurements (solid lines) and simulations (dashed
lines) of µopt/P0 (a), σopt/P0 (b) and Γopt (c) in case of 10 µm
diameter photodetector for fiber butt-coupling and with ICON
technology for which an equivalent aperture size of 17 µm has
been estimated.
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noise. For each position of the fiber with respect to the photode-
tector the received optical power has then been measured for
a time period of one hour with a sampling time of one second.
Both rise and fall temperature slopes were tested in order to
increase the reliability of the statistical validation (see inset in
Figure 4).

The impact of the fluctuations has then been evaluated
through the quantities σopt Γopt described in the previous subsec-
tion. To apply the developed simulation model in the case of the
system exploiting the ICON technology, the 3D taper structure
has been approximated with an equivalent 2D photodiode area
seen by the fiber, considering for its diameter an appropriate
value. With the model developed, this value has been estimated
to be 17 µm, in front of 25 µm and 11 µm of top and bottom diam-
eter sizes, respectively. Figure 7 shows the behavior of µopt, σopt
(normalized to P0) and Γopt measured as function of fiber mis-
alignment. It can be appreciated that a significant improvement
in the tolerance to optical power fluctuations caused by modal
noise is reached when ICON technology is used. For example,
in case of fiber misalignment of ±4 to ±6 µm, Γopt passes from
10% in case of butt-coupling to only 2.5% with ICON technol-
ogy. Being Γopt proportional to the fluctuations of the link gain
expressed in dB [25, 33], which are directly related to the fluctu-
ation of the SNR, a decrease of Γopt of 4 times leads to a decrease
of the SNR fluctuations at least of the same quantity, eventually
improving the quality of the transmission. For typical VCSELs
parameters the fluctuations of SNR can pass then from some
dBs to less than 1 dB, leading to a considerable improvement of
performances in both analogue and digital optical systems.

Figure 7c shows that the model of Γopt fits well the measure-
ments both in butt-coupling case, confirming a diameter of 10
µm for SPD, and in the ICON case, where, as mentioned, an
equivalent photodetector diameter of 17 µm has been consid-
ered. The validity of the model is also confirmed by the values
of µopt and σopt shown in Figures 7a and 7b, where the measured
values obtained in case of butt-coupling are comparable to the
simulation of the case of 10µm photodetector diameter.

Slight differences between modeled and measured values,
referred to the ICON technology, can be appreciated in Figure 7.
This can be reasonably ascribed to the approximation taken, in
which the 3D coupling structure has been replaced an equivalent
2D collecting surface.

5. CONCLUSION

A polymer-based structure performing the optical coupling be-
tween fiber end section and photodiode in optical systems based
on Standard Single Mode Fiber operating at 850nm has been
presented. The structure proposed, which exploits a passive cou-
pling without requiring expensive active alignment processes,
reduces in these systems the impact of modal noise.

In particular, the relative optical power variation coefficient
Γopt passes from 10% for butt-coupling to 2.5% with ICON tech-
nology in case of a fiber misalignment of ±4 to ±6 µm, reducing
the fluctuations of the Signal to Noise Ratio by a factor 4.

Through the mathematical model proposed, it is possible to
assume that when utilizing the ICON coupling technology, the
receiver utilized, which exhibits a collective area diameter of
10 µm, featured a tolerance to misalignment as if it exhibited a
collective area diameter of 17 µm.

In front of this value of equivalent diameter, the properties
of the photodetector are not changed, and its performances are
consequently maintained, including the capability to detect sig-

nals with high electrical bandwidth which is related to the low
actual dimensions of its collecting surface.
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