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Abstract: We investigate an unexplored type of nonlinear impairments that will take place in
a very short fiber after the booster amplifier in a Free Space Optical (FSO) system for space
communications. In Earth-satellite links, optical power levels up to 100 W could be required
at the transmitter side to achieve the foreseen 100 Gbit/s capacity, because of the extremely
high losses. These systems thus need an optical booster amplifier having very high optical
power and it should be connected to the transmitting telescope by means of a short fiber (few
meters). Here, we discuss and investigate the impact of the nonlinear fiber effects by means of
numerical simulations, and estimate the impairments in a Wavelength Division Multiplexing
(WDM) 10 x 10 Gbit/s system with intensity modulation. The obtained results clearly indicate
that, in this system, the most relevant effect is Four Wave Mixing. We proved that this can be
observed as soon as the total power exceeds 20 W. Due to the short fiber length, the system
impairments are not affected by chromatic dispersion or channel spacing. We demonstrate that an
effective means to reduce the impact is by adopting Polarization Interleaving, i.e., odd and even
channels with orthogonal state of polarization. This solution could not work in long terrestrial
links because of polarization mode dispersion, yet it can be effectively exploited in short fiber
patch cords. These results can be used as a guideline to control this type of impairment in
high-power FSO systems for satellite links.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

FuTure high-speed wireless communications for intersatellite and feeder (Earth-satellite) links
will be based on Free Space Optical (FSO) systems [1-3]. A paramount example is the design
analysis of the Hydron network [4], proposed by the European Space Agency, which will combine
FSO technology with Wavelength Division Multiplexing (WDM) to reach >100 Gbit/s total
capacity [5].

It is widely expected that most of the WDM-FSO technology can leverage upon optical
fiber communications devices and subsystems, combined with proper telescopes and accurate
pointing solutions. However, the power budget analysis shows that much higher power levels
than in terrestrial links should be required for space links [6]. These high values are frequently
proposed because FSO links usually have no nonlinear effects. Among the various FSO satellite
links, the feeder links typically require the highest power values, because they suffer from the
impairments due to atmospheric conditions and they also involve the longest distances. This is
particularly critical in very-high throughput links, e.g., 100 Gbit/s, where we could need very
high-power levels, i.e. several tens of Watts [7]. Noteworthy, the maximum output power of
present commercial amplifiers is around few Watts, hence this need is pushing the research
towards the realization of ultra-high power optical amplifiers (UHPOA) [8]: to reach this goal,
various solutions were recently demonstrated that achieve output powers largely exceeding 10 W
[9,10].
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Although the largest portion of the signal path is in free-space, system design studies should
carefully consider the nonlinear impairments. Recently, this topic is becoming apparent [9,11]:
as an example, it is now clear that a few meters of fibers will be needed to connect the output
of the UHPOA to the transmitting telescope [8]. Furthermore, nonlinear effects can also take
place in the UHPOA, either in the active fiber or in short pigtails of the passive components. The
last are, however, very specific to be predicted, because they depend on the type of active fiber,
pumping scheme, and gain coefficient (in the very last part of the UHPOA, where the optical
power is the highest).

Noteworthy, in an EDFA, we would see a mirrored condition in respect of common fibers:
along fibers, the signal power decreases exponentially, and the first section of the link (effective
length, L) is the most import for nonlinear effects [12]. Along the EDFA active fiber, the power
increases, therefore, we should rather consider the final section, where we must know the gain
coefficient to correctly estimate the impact of nonlinearities. As an example, if we had 1 dB/m of
gain in the final part of the amplifier, we would get an equivalent effective length of around 4 m
(a different gain coefficient would give a different length and a different impact of nonlinearities).
This figure is not affected by the total length of the active fiber, because most of the nonlinear
effects would take place in the last few meters of amplifier.

Moreover, it is expected that other short pieces of common fiber can be present in the UHPOA,
after the active fiber (as example, it is unlikely that the UHPOA output connector will be made
just on the active fiber itself): these pieces of fiber will have a similar impact as the one that is
considered in the following. The nonlinear coefficient in the active fiber also plays a key role.
Unfortunately, all those details are very particular and are strictly related to developments, which
are still in progress: however, the results given in the following can be readily extended to any
amplifier, once the above parameters are known, by exploiting basic scaling laws of nonlinear
effects in optical fibers [12]. This can also help to optimize the design of future UHPOAs.

In all cases, we note that the length of the involved fibers (few meters) is around four orders
of magnitude lower than the usual L.z value in terrestrial optical fiber links (around 20 km)
[12]; however, this is unfortunately counter-balanced by the huge power levels. Given the
extremely short length of the fiber, we expect remarkable difference from nonlinear impairments
in terrestrial fiber links: namely, both attenuation and dispersion effects are negligible. Indeed,
the well-known quantities, referred as walk-off length [13] and phase matching length [14], would
be much longer than the nonlinear effective length [12]: thus, we expect relevant phenomena due
to both Cross-Phase Modulation (XPM) and Four Wave Mixing (FWM) [12]-[14]. Self-Phase
Modulation (SPM) would also take place. However, both SPM and XPM do not affect intensity-
modulated (IM) signals thanks to the low accumulated dispersion, whilst they can directly
impair phase-modulated signals. Finally, we note that WDM signals will likely experience also
cross-polarization modulation: however, this can only affect polarization-multiplexed signals,
which require coherent detection and are not considered in the following. Therefore, for the same
number of channels and same capacity, we expect FWM to be the most relevant effect in Intensity
Modulation with Direct Detection (IM-DD) systems.

The role of FWM was also indicated as predominant in a project report, publicly available
[15], which also included an estimation of the impact of the nonlinear effects into a UHPOA. In
this report, the authors observed that FWM represents a significant limitation in WDM systems
with five channels (either intensity- or phase-modulated signals), when they were amplified by a
newly developed high-power booster. Unfortunately, details on the used booster were not given
and are not public, hence it is difficult to extract the relevant information to apply in a different
condition. Therefore, a new and more detailed analysis was necessary.

In this paper, we examine the impact of nonlinear optical effects in a short fiber, specifically
a patch cord that will be utilized in FSO systems for space links. To our knowledge, this is
the first systematic investigation of power limitations due to nonlinear effects in FSO links. In
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order to restrict the analysis to a practical configuration, we make some key assumptions. As
IM-DD is simple to deploy, and has quicker recovery time after the (frequent) fading events
typical of FSO links [16] we consider here this type of format: in fiber communications, the
most common IM-DD systems are at 10 Gbit/s, with Non Return to Zero (NRZ) format. Since
100 Gbit/s aggregate capacity is frequently assumed as the first capacity target [4], we thus
consider a 10 x 10 Gbit/s system.

Finally, we model a patch cord made of common single-mode fiber (SMF, G.652) of L=3 m
length. Under the previous assumptions, numerical simulations were performed to verify that the
dominating effect is FWM among the channels. Thus, we determine the power values for which
the nonlinear effects become relevant in the worst-case condition. Finally, we determine that this
limit can be overcome by properly setting the State of Polarization (SoP) of the channels.

We highlight that the paper concerns nonlinear Kerr effects. As known, other nonlinear effects
can take place in optical fibers. Namely, Stimulated Brillouin Scattering (SBS) is often indicated
as the one occurring at lowest intensity levels, as its threshold value (Py;) in a SMF is around
10mW for NRZ signals (see Fig. 2 in [17]). As SBS is a single-channel type of effect, the
previous Py, is given as power/channel in WDM systems; furthermore, in a typical fiber system, it
corresponds to a nonlinear effective length of around 20 km (SBS threshold is the same in single
span and multi-span links). Therefore, simple scaling for 3 m-long fiber gives Py, of around
70 W/channel: we note that this figure can be also estimated by the equation for a modulated
signal Py, = ZPSlW = 84 A,y /(gpLe) Where Ay =100 pm?, gg=4-10""" m/W, and L,y =3 m
(for very short fibers L.z =L) [17]. Hence, as we have 10 WDM channels, we get a huge total
power, of around 700 W, i.e. quite above the highest achievable values. The other category of
nonlinear effects is Stimulated Raman Scattering (SRS), which has threshold given in terms of
total power. However, due to the much lower gain coefficient, gz, SRS threshold is much higher
than SBS threshold: it is indeed around 600 mW in a long fiber. Simple estimations, based on
the ratio of effective lengths, indicate a SRS threshold of around 5 MW for the considered short
patchcord (again this figure can be calculated by the equation P,,R = 42 Aep/(grLey) where now
gr~1-10"13 m/W [12]). Indeed, we are going to discuss a total output power lower up to 70 W:
in that case, these effects should not be relevant. Indeed, neither SBS nor SRS were observed
in a recent WDM experiment at 50 W total power [10]. Hence both SBS and SRS will not be
addressed in the following.

2. Model and results

We realized a software tool that was used to extensively investigate the transmission performance
in a 10 x 10 Gbit/s FSO system. A schematic of the system is presented in Fig. 1.

Txs MUX DEMUX  Rxs
# F
& UHPOA o A F

S 3m D - (] .

. . SMF TX RX INA .

td
& telescope 50 channel loss telescope $;

Fig. 1. Schematic of the FSO link. The WDM signals are wavelength-multiplexed (MUX),
then they are amplified by an ultra-high power optical amplifiers (UHPOA) with P, total
power. This will be input of a 3-m patch cord and finally reach the TX telescope. At the RX
side, light is amplified by a Low Noise Amplifier (LNA), the channels are demultiplexed
(DEMUX), and then each of them is detected by an RX.

Each WDM channel is NRZ-coded using a chirp free modulator (bandwidth 10 GHz); the
bit sequence (65536 bits) is made of an equal number of marks and spaces produced by a
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random generator; for each channel, the bit-sequence is independently generated and randomly
time-shifted. Optical signals can be multiplexed so that the even and the odd channels can have
either the same polarization (aligned SoPs) or orthogonal states (alternate SoPs) at the UHPOA
input. We assume that the total output power of the UHPOA (P,,,), which is also the power at
the input of the patchcord, is equally distributed over the 10 channels.

Channel spacing (4v) is initially set at 100 GHz: as we will see later, this parameter has
no impact on the nonlinear effects, since the patch cord fiber is a very short (L =3 m) SMF.
The nonlinear coefficient for average polarization is 1.4 (W-km)~!, typical of common SMFs.
Attenuation is 0.2 dB/km and chromatic dispersion is 16 ps/nm/km. Thanks to its short length
neither dispersion nor attenuation effects are expected to be significant [12]. We simulate the
nonlinear propagation in the fiber by means of the split-step Fourier method, solving the coupled
nonlinear equations (Eqns. 6.2.1 and 6.2.2 in [12]). Due to its short length, along the patch cord
the propagation of light can be described by means of a single waveplate model [12].

We note that a wide literature exists on the coupled Nonlinear Schroedinger Equations (NLSEs)
accounting for polarization effects. Different formulations can be given, either considering as a
base a pair of linear polarizations (e.g., x and y) or the two circular polarizations (clockwise and
counter-clockwise). In our case, the simulator solves the following coupled NLSEs for two circular
SoPs (these are derived from Eqns.6.1.15 and 6.1.16 in [12], neglecting the low-birefringence
and changing variables as in Ch.2 in [12], to remove the §; term):

2
G = i34, P + 2A-P)A, - i G - g4,

0z or
OA_ . 2 2 2 By &2A_
O = iy2(AP +2A A — iR 25 — 2A_

where the nonlinear Kerr coefficient is y=1.4 (W km)~!, the chromatic dispersion coefficient is
>=-20.3 ps?/km (corresponding to D = 16 ps/nm/km), and the loss coefficient is a=-0.05km™".
Note that A, and A_ are linear combinations of the field components along x and y-axis. As
well-known, the above equations do not explicitly show the familiar FWM term: this can only be
obtained by writing down the two terms A, and A_, which are related to the components (+ or
-) of the field of all WDM channels (a full derivation is out of the scope of this paper, but, as
example, a similar derivation, in the simpler condition of the scalar NLSE, can be found in [21]).
After the fiber, the channel is then modelled as pure attenuation.

We simulated a simple configuration where the signal from the patchcord is sent over free-space,
undergoes a variable loss (quite high) and then enters a pre-amplifier. The optical pre-amplifier
(LNA) has noise figure np =4 dB. Before detection, each channel is optically filtered with a
20 GHz bandwidth Gaussian filter. The RX has an ideal photodiode followed by a 4™ order
Bessel filter (7.5 GHz bandwidth) and usual clock and data recovery (CDR). The received signal
is sampled at the center of the eye diagram and then, the received bit-sequence is extracted from
the samples, by applying the optimal decision threshold [18].

Finally, we estimate the pre-FEC BER value by directly comparing the received to the
transmitted bit sequence.

Since the pre-amplifier has typical gain of 30 dB or higher, the performance of the system is
not significantly affected by any other noise source, but it only depends on the degradation of the
optical signal to noise ratio (OSNR) [19]. As today all WDM systems implement Forward Error
Correction (FEC), we will consider as a target BER the value that corresponds to the typical
threshold of pre-FEC BER value, i.e., 1073,

We note that, in our model, we use some simplifying assumptions to have a clear view of the
effect of the nonlinear impairments. First, we only model the nonlinear effects in the external
patch cord, and do not include the effect of nonlinear propagation in the amplifier itself (due to
the active fiber and any other internal fiber pigtails), as explained above. However, the obtained
results can be a useful guideline and they are quite general, so that they can be extended with
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minor effort also to include these other cases once the specific parameters of the UHPOA are
known.

In our simulation, we assume a stable FSO loss; actually, the FSO channel is not exactly
stationary, however it is well known that it has a fixed loss over a finite coherence time, typically
around several milliseconds [20]. Therefore, the effects that we are investigating here refer to
that specific time window, when loss is fixed. Under these conditions, the instantaneous pre-FEC
BER is determined only by the OSNR value at the output of the RX [18], as usual in fiber
links. Thus, the OSNR value needed to reach the pre-FEC BER value is a key general system
parameter (actually, depending on the system details this can be used to design the system in
terms of instantaneous or, by proper scaling, average power at the RX) [19]. Indeed, in order to
perform a complete system analysis, these results should be averaged over statistical fluctuations,
which would require a specific mathematical investigation to determine the outage probability
as function of average received OSNR. This complete analysis is presently out of scope of this
paper: however, the penalty results reported in the following allow to determine how the required
OSNR would scale when the system is affected by nonlinear effects.

Since FWM is known to depend on the relative SoP among the channels [12], initially we took
the worst-case condition, i.e., all channels having the same SoP. To make the simulation more
realistic, the channels are not precisely spaced at 100 GHz, but rather randomly detuned by a
very small amount (<1 GHz).

First, we analyzed the signal at the output of the UHPOA patchcord. We observed that
relevant nonlinear impairments arise even when Py, is much lower than 100 W: as an example,
in Fig. 2(a-b), we show the normalized eye diagrams taken at the output of the patch cord, for the
central channel, where no optical nor electrical noise is added, for two quite different regimes.
The eye diagram in Fig. 2 (a) was taken at Py, = 1 W, whilst in Fig. 2 (b) was taken at P,,, =40 W.
The apparent source of signal degradation are nonlinear effects. Clearly, the impairments cannot
be ascribed to XPM: although XPM is surely present, it cannot be the real problem, because
we are using Direct Detection, and there is no way that phase modulation can become intensity
distortion [13] (there is no chromatic dispersion in free space, with negligible contribution by the
patchcord itself). As another option, XPM might also produce penalties if the induced spectral
broadening can interplay with very narrow filters. In our case, however, we have wide optical
filters (20 GHz FWHM), thus this would require a huge spectral broadening to see any relevant
effect.
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Fig. 2. Eye diagrams for the central WDM channel for P,,; =1 W (a) and 40 W (b).

On the other hand, the emergence of FWM can be clearly observed in the output spectra. To
this aim, in Fig. 3, we report the optical spectra taken at the input (a) and output (b) of the patch
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cord for P,,; =40 W: as we can see, this directly confirms that FWM is the key issue. Several
FWM products are visible here, with a power level approximately -20 dB lower than the signals:
this is significantly above the well-known maximum acceptable FWM-crosstalk value, typically
assumed to be -23dB [14,22].
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Fig. 3. Optical spectra taken at patch cord input (a) and output (b) (res. bw =0.1 nm)
assuming P,,; =40 W.

In order to have a quantitative estimation of the impact of this effect, we then conducted a
numerical investigation on the system performance. As described above, the performance is
determined by the OSNR, depending on nonlinear distortion, signal power at the pre-amplifier
and the noise figure [19]. Furthermore, as this system will make use of FEC, we should be
concerned with the OSNR ¢, i.e., the OSNR value that is needed to attain the FEC threshold
(maximum BER that FEC can correct), as defined in [19].

The results were practically obtained by varying the FSO loss: however, for the sake of clarity,
they are reported as function of the OSNR value after the pre-amplifier. Then, we define an
OSNR-penalty as the difference in OSNR¢q, i.¢., the value needed to achieve the pre-FEC BER
of 1073 [18].

To this aim, different BER curves are obtained at different values of P,,, and variable loss. As
an example, we report in Fig. 4(a) the BER curve versus OSNR for two Py values, i.e., 5 W
(circles), and 40 W (red squares), for the worst-case condition of aligned SoPs. Since we have
103 pre-FEC BER threshold, we see that 40 W power has error floor, infinite OSNR penalty
compared to 5 W: this eliminates the 9-dB benefit in terms of power budget that we would obtain
in a linear condition when increasing P, from 5 to 40 W.
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Fig. 4. Estimated BER curve vs. OSNR for the central WDM channel (a): the three
curves refer to low power (5 W, circles, with parallel SoPs) 40 W with either parallel
SoPs (red squares) or alternate SoPs (blue triangles); in (b), we present the dependence of
OSNR-penalty at pre-FEC BER vs. channel spacing at fixed power (P, = 30 W), dashed
line represents the mean value.
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As mentioned, these curves were taken in the worst-case condition, where all channels have the
same SoP, and we choose the worst-case SoP. Conversely, a system where odd and even channels
have orthogonal SoPs corresponds to the best case. Therefore, we conducted a simulation
under the optimal conditions and indeed obtained that alternate SoPs significantly reduce the
impairments, with a penalty down to about 0.5 dB at 40 W (blue triangles).

As the system is affected by FWM, it might be argued that we could improve the performance
by increasing the channel spacing 4v. To confirm that this is not the case, we run simulations at
30 W, with various Av values. The results are reported in Fig. 4(b), in terms of OSNR penalty, as
defined above. As we can see, there is no significant difference among the various cases, within
the estimated uncertainty of the final penalty. This confirms the initial expectations that channel
spacing cannot help to reduce FWM.

In order to summarize the results in a comprehensive figure, we report in Fig. 5 the OSNR-
penalty (at pre-FEC BER of 107%), as a function of the total transmitter power (P,,;). The first
curve (red triangles) refers to the worst-case, when all channels have the same SoP. The second
curve (blue dots) refers to the best-case, where odd and even channels have orthogonal SoPs. We
see a very significant difference between the two curves; this indicates that by adopting alternate
polarizations, we could transmit at least 3 dB higher power, which has relevant impact on the
whole link budget.
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Fig. 5. Estimated OSNR-penalty for different total output EDFA power values, for worst-
case (red triangles, all SoPs aligned) and best-case (blue dots, alternate orthogonal SoPs)
scenarios.

We can comment that alternate polarizations in FSO is effective and possible thanks to
the limited length of active fiber (and patch cord), this is a major difference with respect to
fiber communications, where WDM signals at consecutive wavelengths will not maintain SoP
orthogonality along the (long) link, because of Polarization Mode Dispersion (PMD). In our
case, the quite short length of fiber patch-cord (and of the active fiber in the amplifier) allows to
predict that the mutual SoP will not change.

Therefore, in our case, a polarization control could be implemented on each of the WDM
channel by obtaining this condition the input of the UHPOA, with a minor power split and
polarization monitor; that power splitter cannot affect the total output power, since the booster
amplifier works in saturation. An alternative option could be to use transmitters with polarization
maintaining fibers (PMFs) and properly rotated connectors.
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Finally, it may be argued that orthogonality between odd and even channels might be an
extremely critical condition and we could have a low realistic tolerance. In order to assess the real
tolerance, we run a specific set of simulations and introduce a new parameter (4a): in the ideal
case, we assumed that all channels have linear SoP at the HPOA input, yet odd and even channels
are at 90 degrees. We then rotated the SoP of even channels by the angle 4a and estimated the
corresponding OSNR penalty The obtained results are reported in Fig. 6, where we report the
OSNR penalty relative to the back-to-back condition (indeed we have 1 dB penalty at 4a=0);
they show that around 30 degrees of da tolerance is acceptable, with very limited additional
degradation. This clearly indicates that the SoP orthogonality of odd and even channels is not a
very strict requirement, and it can be obtained by using realistic components.
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Fig. 6. Estimated OSNR penalty when we set alternate polarizations, but we have a deviation
from perfectly orthogonality (by an angle Aa) among odd and even channels. The assumed
power is Py, =50 W. The OSNR penalty is relative to the back-to-back requested OSNR,
not the OSNR for 4a=0.

Alternate polarization may not be the only solution: unequal channel spacing (UCS) may also
be considered [23]. However, UCS has well-known issues of low spectral efficiency [23]. As
a nonlimiting example, if we assume the ten channels to be fixed to the typical frequency grid
(100 GHz), it can be seen that 10 channels will hardly fit the common EDFA bandwidth (35 nm).
Thus, UCS needs lower frequency spacing (e.g. 50 GHz, for which it requires around 25 nm of
bandwidth for ten channels). In the considered configuration, UCS could be a valid alternative,
although it should be carefully adopted also because UHPOA are expected to have much lower
bandwidth than current amplifier (as example, the bandwidth of a 50 W amplifier was 25 nm in

[10D).

3. Conclusion

We used numerical simulations to investigate the occurrence of nonlinear effects in FSO
space systems, due to the (unavoidable) presence of patch cords connecting an UHPOA to the
transmitting telescope. We considered a 10 x 10 Gbit/s IM-DD system, with 100 GHz spacing.
Our simulations show that FWM strongly affects the performance as soon as the power exceeds
25 W, when the SoPs of all WDM channels are aligned (worst case). As the patch cord is very
short, we cannot rely on wider spacing to reduce the FWM, because the phase matching length is
much longer than the fiber length.
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The obtained results are expected to have a significant relevance in the link budget of long-
distance FSO links. It is important to note that, especially in ground-to-GEO links, huge losses
are expected. As the actual loss is determined by the combination of various propagation
phenomena (diffraction, scintillation, beam wandering etc.), this results into a complex problem
when designing the FSO link. As different (independent) statistical variables determine the final
loss, the complete statistical analysis is required to estimate the outage probability [24]. Since
here we have demonstrated the role of nonlinear effects, they have also to be considered into the
link design process: this will result into a significant limitation on the maximum available loss in
the link, because now we have a limit to the increase of transmitter power. This is similar to what
is observed in optical fiber links.

We also note that the presented analysis was restricted to IM-DD, as this is the simplest
modulation format; moreover, it may also be preferred since it has much shorter recovery time after
any deep fading [16] and would be affected only by FWM, in the considered configuration. We
expect that the in-depth investigation of nonlinear effects in signals with other modulation formats,
especially those exploiting phase modulation (either based on direct or coherent detection) be by
far more complex, since those would be also impaired by XPM and cross polarization modulation.
Yet, we plan to carry out this extended analysis in the near future.

Noteworthy, thanks to the short length, SoP orthogonality at consecutive wavelengths can be
fixed at the input and would be maintained throughout the amplifier and patchcord: therefore,
the tolerance can be strongly improved by adopting channels with alternate SoP. Around 100%
higher power can be then safely transmitted.

Clearly, all the obtained values strictly depend on the patchcord length: if a shorter/longer
fiber is adopted, the power values should scale accordingly: it is indeed a good approximation
to assume that the total effect depends on the product LP,,,. Therefore, since we assumed a
3 m-long patch cord, the effects that we obtained at 40 W could be expected at 30 W if the
patch cord is 4 m long. Conversely, a shorter fiber could help to use much higher power values:
unfortunately, we cannot expect fiber lengths much shorter than the value we assumed (3 m).

As a simple additional means to improve the tolerance, we have seen that we could use exploit
also unequal channel spacing [14]. Although complex, this may represent a viable solution
when we have a low number of channels; on the other side, it can strongly compromise the
spectral efficiency, limiting possible future upgrades of the total number of channels, i.e., the
total transmitted capacity.
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