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Abstract—Infrared  free-space  optics (FSO) provide
an attractive solution for ultra-high-capacity wireless
communications. However, the full potential of FSO is

still being hindered by the apparent random fluctuations on
the received optical power, which can be triggered by external
factors such as atmospheric turbulence, weather instability and
pointing errors. Through the analysis of long-term experimental
measurements, we identify the existence of significant time-
domain memory in outdoor FSO links, which is found to be
particularly strong under rainy weather conditions. Following
this observation, we demonstrate that these memory effects
can be effectively utilized to design accurate FSO channel
estimation algorithms. Taking advantage of the arbitrary
bit-rate granularity provided by probabilistic constellation
shaping (PCS), and resorting to a simple moving average
channel estimator, we demonstrate 400G+ transmission over a
seamless fiber-FSO 55m link with enhanced resilience towards
adverse weather conditions. Comparing with unsupervised fixed
modulation, we demonstrate a significant increase in average
bit-rate (>35 Gbps) after continuous measurement over 3 hours,
including raining periods.

Index Terms—Free-space
adaptive modulation.

optics, probabilistic shaping,

I. INTRODUCTION

HE proliferation of wireless communication services

has been progressively leading to a strong spectrum
congestion in the over-exploited sub-6 GHz band, with more
than 6 billion mobile broadband subscriptions reported by
the end of 2019 [1]. In order to face this challenge,
the recently standardized 5G wireless communications [2]
already include support to mm-wave transmission [3], whose
carrier frequencies are typically within the range of 30 GHz
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to 300GHz. With the aim of supporting beyond 5G
communications and its promised ultra-high bit-rates above
100 Gbps [4], several research efforts are already focusing
on the usage of THz-wave radiation [5], thereby extending
wireless communications into the band of 300 GHz to 3 THz.
However, in contrast with the legacy sub-6 GHz band, both
mm-wave and THz-wave essentially require line-of-sight
(LOS) communication [6], thus bringing a key paradigm
change in terms of wireless signal propagation. Another very
limiting aspect is the enormous cost increase of the radio-
frequency (RF) components (mixers, amplifiers, filters, ...) that
are required for transmission at such high frequencies and
bandwidths. Actually, these technical limitations are clearly
reflected by the limited reach that has been demonstrated so far
with THz-wave links [7]-[9]. A couple of notable exceptions
can be found in [10], [11], where transmission over 100 m
indoor links has been demonstrated for 50-100 Gbps signals
at a carrier frequency of 300 GHz.

Taking advantage of this paradigm shift towards LOS
wireless communications, the use of free-space optics
(FSO) in the near-infrared (NIR) region [12] has recently
been attracting a strong interest for high-speed wireless
communications, providing a higher-capacity and lower-cost
alternative to THz-wave transmission. Benefiting from the
eye-safety operation and low atmospheric attenuation within
the 1550nm window (unlicensed spectrum) [13], standard
low-cost photonic components that are typically used for
fiber-based communications can also be utilized for signal
transmission via FSO [14]. Current FSO application scenarios
span from indoor [15] to inter-satellite communications [16],
being also considered as a wireless alternative to fiber-
based transmission in terrestrial links [17], [18], providing
a rapid recovery solution in disaster scenarios. In addition,
following several recent research works, FSO is also becoming
a promising candidate for ultra-high capacity fronthauling in
5G and beyond access networks [19], [20].

Despite its tremendous potential for ultra-high-speed point-
to-point wireless communications, the impact of atmospheric
turbulence and various weather phenomena are still critical
aspects for outdoor FSO communications [21]-[23]. Driven
by changes of temperature and pressure in the atmosphere,
atmospheric turbulence gives rise to sudden variations on
the refractive index of the air along the transmission path,
which results in the phenomenon of optical scintillation:
a turbulence-induced time-dependent optical power fading
[24]. In addition, in seamless fiber-FSO systems, where the
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optical signal is directly coupled to the fiber core typically
using fiber collimators, the system performance can also
be strongly affected by changes in the angle-of-arrival of
the received optical beam [21]. As a consequence of these
effects, the effective signal-to-noise ratio (SNR) experienced
by the FSO receiver may suffer from large variations,
resulting in a drastic reduction of the communication
reliability. In order to characterize these optical amplitude
fluctuations, several statistical models have been proposed in
the literature, among which the log-normal [25] and gamma-
gamma [26] distributions have attracted considerable attention.
Nevertheless, besides the stochastic distribution of optical
power fading, it is also critical to analyze both the coherence
bandwidth (i.e. the correlation between different frequencies
that may lead to pulse broadening) and the coherence time
(i.e. the correlation between different time instants) [27] in
outdoor FSO links. In this particular aspect, FSO systems
are known to be heavily penalized by fog [28], in which
case the coherence bandwidth of the system can be in
the order of a few MHz [29], thus introducing a strong
pulse distortion along the propagation. Nevertheless, it has
been numerically and experimentally demonstrated that FSO
systems are relatively robust to the impact of rain [28]-
[30], which typically implies coherence bandwidths above
100 GHz [29]. The same applies to the standalone impact
of atmospheric turbulence, whose coherence bandwidth is
typically in the THz range, even in the strong turbulence
regime [29]. Therefore, except for the particularly challenging
fog scenario, an FSO system can be generally characterized
by a frequency-flat response [31], which makes it notably
adequate for single-carrier modulation schemes. In turn,
the coherence time of atmospheric turbulence is typically
within the range of 10us — 10ms [28], while significantly
longer coherence times of few seconds up to several minutes
can arise from large-scale atmospheric turbulence events
and other weather-related phenomena [32], such as slow
changes of temperature and rainfall intensity. Therefore,
for typical symbol-rates in the Gbaud range, FSO systems
can be accurately described by a block-fading model [33],
which opens up the opportunity for the implementation
of various time-adaptive transmission schemes, including
transmitter power control [34]-[38], adaptive modulation [35]-
[37], adaptive coding [36]-[39], automatic repeat request
protocols, spatial and/or time diversity [40]-[44], maximum
likelihood sequence detection [45], [46] and hybrid RF-FSO
transmission [47]-[49].

Due to its simplicity and low-cost, commercial FSO
communications typically rely on on-off keying (OOK)
modulation and direct detection [50]. However, this kind
of signal modulation and detection provides only one
degree of freedom (amplitude) for encoding the transmitted
information, thereby strongly limiting the achievable channel
capacity. After a decade of intensive developments, multi-
level quadrature-amplitude modulation (QAM) together with
coherent detection has achieved maturity in fiber-optic
communication systems [51]. Targeting a further improvement
of communication efficiency, probabilistic constellation
shaping (PCS) has recently been proposed for optical

communications systems [52], finding a rapid dissemination
of both research and commercial applications [53], [54]. As
opposed to standard QAM constellations, which are typically
composed of independent and identically distributed (i.i.d.)
symbols, the concept of PCS lies on the assignment of
a given probability distribution function to its constellation
symbols, thereby controlling both the entropy and average
transmitted signal energy. When the Maxwell-Boltzman
distribution is applied to set the probability of appearance of
each constellation symbol in additive white Gaussian noise
(AWGN) channels, it has been shown that PCS can provide
a reduction of transmitted power by up to 1.53dB [55].
This effect is commonly referred in the literature as the
PCS shaping gain, and it has been the main driver behind
its rapid adoption in optical fiber systems. In addition, the
recent development of implementable fixed-length distribution
matchers [56] to set the PCS symbol probabilities, also
provides another key advantage in terms of enhanced flexibility
and granularity for controlling the transmitted net bit-
rate [57]. This particular aspect can be highly advantageous
for transmission systems with time-varying capacity, as it is
the case of FSO communications.

Building upon the preliminary results published in [58],
in this paper we exploit the modeling and mitigation of
FSO transmission impairments in outdoor links, by resorting
to long-term measurements under variable atmospheric
conditions. Through the experimental analysis of optical power
budget evolution over time in a 55m outdoor FSO link, we
develop a simple and accurate channel estimator, which can
be used to track its time-varying SNR in real-time. Taking
advantage of the bit-rate flexibility provided by PCS, we
also experimentally demonstrate a time-adaptive modulation
scheme, enabling to continuously adjust the transmission rate
of a 400G+ FSO system over time, thereby improving the
channel capacity and reliability.

The remainder of this paper is organized as follows. In
Section II, we carry out an experimental modeling of power
budget in outdoor FSO systems, providing the basis for
the development of accurate channel monitoring tools. In
Section III, we review the basics of PCS modulation, focusing
on its potential and requirements for bit-rate adaptation.
Bringing together the outcomes from the previous two
sections, in Section IV we experimentally demonstrate a time-
adaptive 400G+ transmission system over an outdoor 55m
FSO link impaired by intermittent rainy periods. Finally, the
main conclusions from this work are summarized in Section V.

II. POWER BUDGET MODELING OF OUTDOOR FSO LINKS

In this section, we aim at the modeling of power
budget variations in an outdoor 55m FSO link, resorting
to long-term measurements of received optical power under
variable meteorological conditions. All experimental results
and respective post-processing routines presented in this
section are made available for consulting in [59].

A. Experimental Setup and Optical Power Measurements

The utilized experimental setup for FSO power budget
measurement is depicted in Fig. 1. Assuming that the impact of
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Fig. 1. Experimental setup of a seamless fiber-FSO outdoor link for optical
power budget characterization.
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Fig. 2. Measured received optical power after 55m FSO transmission
considering different meteorological conditions: a) sunny and b) rainy weather.
The thick solid lines show the estimated optical power using a moving average
with optimized memory depth (i.e. using Ntaps,opt past measurements).

scintillation on the received optical power is mostly frequency-
flat within the typical transmission bandwidths (tens of GHz),
we consider a simplified experimental apparatus, in which the
optical source consists of a continuous wave (CW) laser source
operating at 1550 nm with 11 dBm output power. The seamless
interface between fiber and free-space is performed by a pair
of fiber collimators with 24 mm diameter, a divergence angle
of 0.0017°, numerical aperture of 0.24 and focal length of
37.13 mm. At 27.5 m from the transmitter we place a concave
mirror with ~30m focal length to reflect the optical signal
back into the receiver, thus resulting in a total link length of
55m. After the receiver fiber collimator, a power meter with
a sampling rate of 0.25 Hz is utilized to continuously measure
and register the received optical power. Although the relatively
slow sampling-rate considered in this work effectively prevents
the impact of spurious spatial correlation effects over the
mirrored propagation path, it is worth referring that further
experimental validation targeting higher update-rates should
preferably avoid optical transmission over a folded propagation
path.

In this paper, we will consider two different long-

term measurements obtained under distinct meteorological
conditions:

i) a 2-hour measurement during clear sky and dry sunny
weather conditions;

ii) a 3-hour measurement during a rainy day with sporadic
rain showers.

The instantaneous measured received optical power for these
two case studies are depicted in Fig. 2. As one would expect,
the obtained results clearly show that the FSO link becomes
much more unstable during rainy weather conditions: while
the received optical power during sunny weather shows a
standard deviation of roughly —5dBm, the corresponding
standard deviation during rainy weather is increased to about
—0.3dBm. In addition, the range of registered received optical
powers (ratio between maximum and minimum powers) is
increased from 2.6 dB to about 4.2 dB. The additional optical
power loss and instability of the FSO link when affected
by rain can be attributed to the scattering of light on the
water droplets and to the refraction of the input and output
light beams on the wet collimator lenses and mirror surface.
Nevertheless, despite the additional loss, it is demonstrated that
FSO transmission can effectively be considered during rainy
weather conditions, provided that the corresponding power
budget is taken into consideration.

For the reader that might be potentially interested in a
more detailed analysis of the impact of rain and other weather
phenomena on outdoor FSO power budget, it is worth referring
to other research works currently available in the literature
[21]-[23]. A notable example is the work of [21], in which the
received optical power is directly correlated with the measured
rain-rate in an outdoor link with 1km distance between FSO
transceivers. Instead of an in-depth modeling of these effects,
within the scope of this paper we will focus our attention on
the continuous tracking of received optical power, targeting the
demonstration of a novel time-adaptive modulation technique.

B. Time-Varying FSO Channel Monitoring

In order to enable the real-time monitoring of FSO power
budget, an important observation that can be taken from Fig. 2
is that the measured FSO power seems to have some non-
negligible time-domain correlation. To better characterize this
apparent time-correlation, in Fig. 3a we depict the normalized
autocovariance, K (t), of the received optical power. Following
the definition utilized in [28], we determine the channel
coherence time by finding ¢ such that K(¢) = 1/e. Due
to the increased time-variant nature of the unstable rainy
weather scenario, the corresponding autocovariance function
of the received optical power shows a much wider tail,
with a coherence time of approximately 15 minutes. In
contrast, the 1/e coherence time associated with the sunny
weather scenario is below the 4s sampling period of the
power meter. This provides further evidence that the optical
power variations generated by atmospheric turbulence in
ideal weather conditions exhibit a coherence time that is
significantly shorter than the considered sampling period.
Therefore, its effective tracking and compensation would
require a faster optical power sampling. While this would
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Fig. 3. a) Normalized autocovariance of the measured received optical power
(the dashed line indicates the 1/e threshold for coherence time evaluation)
and b) memory depth optimization of the moving average power estimator
under sunny and rainy weather conditions.

be possible with negligible added hardware complexity, its
demonstration in an optical communications setup would
require real-time processing, which is particularly challenging
at the transmitted bit-rates considered in this work (400G+).
Therefore, the main goal of this work is to demonstrate a
proof-of-concept adaptive modulation scheme based on PCS
modulation, which can be used to adapt the transmitted bit-
rate according to the slow variations of received optical
power caused by weather changes, which are more evident
during raining periods. The identification of such time-domain
memory effects can be utilized in favor of monitoring the
evolving power budget of the FSO link. Although more
complex options can be considered, for the sake of real-
time feasibility, in this paper we propose the use of a
simple unweighted Ny,,¢-taps moving average optical power
estimator,

n

1
Ntaps

Pest (TL + 1) Pmeas(n)a (D

n—Ntaps+1

where Ppeas(n) is the measured received optical power (in
Watt) at time instant n, and Pegt(n + 1) is the estimated
power for the next time instant. Making use of the recorded
optical power measurements, we now simulate the task of
channel estimation by applying the moving average estimator
of expression (1) over the previous N,ps power measurements
in order to estimate the next optical power. With the aim to
optimize the memory depth of the moving average estimator,
in Fig. 3b we show the normalized root-mean-square error
(NRMSE) between the estimated and measured optical power,
defined as

1 N
N = Pos - Pmcas 2
NRMSE = VA E P )

1 N
N Zn:l Pmeas

; 2

where NN is the total number of optical power measurement
points.

The obtained results plotted in Fig. 3b indicate an optimum
number of taps, Niapsopt, Of 12 and 13, for the cases of
sunny and rainy weather, respectively. Considering the power
meter sampling frequency of 0.25Hz, this corresponds to
approximately 50s of memory depth for the moving average
power estimator. The corresponding estimated optical power
using the optimized Niaps.opt Values is shown by the thick
solid lines in Fig. 2, where we can see that the estimation
effectively follows the average trend of the measurements,
while it filters out the higher frequency components. Also
note that, due to the quite stable performance of the FSO link
during sunny weather conditions, the use of a larger number
of taps only leads to a slight increase of the NRMSE. On the
contrary, due to the quickly varying conditions associated with
the rainy weather measurements, the use of longer memory
depths on the moving average estimator leads to a progressive
degradation of the estimation performance.

C. Optimizing FSO Transmission Reliability

Ultra-high communication reliability is a key requirement
for next-generation wireless transmission systems. In this
sense, guaranteeing a high level of reliability in FSO systems
becomes even more critical due to the inherent power budget
fluctuations. In order to ensure reliable communication, we
must consider a safety margin for operation, i.e. the channel
capacity must be conservatively allocated so that any sudden
drop of optical power budget does not bring the system below
its error-free threshold. Assuming that the time-varying optical
power budget can be estimated using the tools introduced
in the previous subsection, then the FSO system can be
adaptively loaded so that the error-free threshold follows the
estimated received optical power. In order to account for
inevitable errors during channel estimation, a given power
budget margin, Prargin, should also be allocated. Otherwise,
any slight overestimation of the optical power budget would
bring the system into out-of-service state. In that case,
the instantaneous communication reliability, R, will only be
threatened whenever the difference between the estimated
power and the actual measured power is larger than the
operation margin,

]-7 Pest,dBm(n) - Pmeas,dBm(n) S Pmargin,dB

R(n) = )
0, otherwise.
3)
The long-term communication reliability can then be evaluated
by taking the average value of R over all measurements, R.
Using the definition of expression (3), in Fig. 4 we show the
optimization of the FSO power margin for both meteorological
scenarios. The estimated power, P dBm, is obtained from
the moving average power estimator of expression (1) with
the optimized number of taps obtained from Fig. 3b. From
the results of Fig. 4 we can clearly observe the impact of
rain on the communication reliability of FSO communications.
Indeed, while a power margin of ~1.3dB is enough to
guarantee a reliability above 99.9% during sunny weather
conditions, the same reliability can only be achieved for the
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Fig. 4. Impact of power margin on the FSO channel reliability, as per
definition of expression (3), under sunny and rainy weather conditions. Power
estimation is performed by a moving average with optimized number of taps.

rainy weather scenario by increasing this power margin to
more than 1.8 dB. Therefore, besides the inevitable capacity
reduction due to the lower average received optical power
(about 0.8 dB extra loss), the additional required margin (about
0.5dB) for reliable communication will further penalize the
overall capacity of the FSO system during rainy conditions.

It is important to stress out that these power margin values
already consider the use of the proposed real-time power
estimator. Instead, if no power budget monitoring is performed
on the FSO system, then the required power margins must be
increased, as it can be directly inferred from the instantaneous
power measurements in Fig. 2.

Despite the high degree of reliability provided by the
optimization of the operating power margin, as shown in
Fig. 4, it must be referred that the impact of sporadic deep
fades might threaten the very tight requirements for ultra-
reliable 5G-compatible communications (R > 99.999%). In
addition, it should be referred that a stronger impact of
atmospheric turbulence is expected in longer FSO links, in
which case the probability of deep fades is increased. In
those scenarios, exacerbating the optical power margin is not a
viable solution, as it would heavily sacrifice the overall system
capacity. Therefore, complementary reliability-enhancement
techniques should be considered, such as the use of automatic
repeat request protocols [40], [41] and spatial diversity FSO
transmission schemes [42], [43].

D. Update-Rate Requirements for FSO Channel Monitoring

In order to ensure an accurate estimation of the received
optical power, it is important to analyze the update-rate
requirements for the moving average estimator of expression
(1). To that purpose, we consider the rainy weather scenario,
whose slow changes of precipitation rate yield a long-enough
coherence time, allowing its analysis with the considered
optical power sampling-rate. Starting from the nominal
sampling-rate of the utilized power meter (0.25Hz, i.e.
a sampling period of 4s), we digitally downsample the
registered optical power measurements in order to analyze its
impact on the NRMSE of the FSO channel estimation. The
obtained results for the rainy weather scenario are depicted
in Fig. 5, in which we also consider the joint optimization of
the memory depth of the moving average channel estimator.

Rainy Weather
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Fig. 5. Joint impact of update-rate and memory depth of the moving average
estimator on the NRMSE of the received optical power estimation.

As expected, it becomes clear that increasing the sampling
period between optical power measurements (i.e. decreasing
the update-rate of the estimator) requires to reduce the total
number of taps, so that a similar time-domain memory is kept.
Nevertheless, even considering rather long sampling periods of
about 20-30 s, we can observe that the NRMSE degradation is
almost negligible. It is also worth noting that the corresponding
optimum memory depth in that case is reduced to the range
of 3 to 5 taps.

III. ADAPTIVE PROBABILISTIC SHAPED MODULATION

The channel estimation tools proposed and demonstrated in
the previous section can be utilized to optimize the capacity
and reliability of outdoor FSO transmission systems. An
effective way of achieving this goal is through the adaptation
of the transmitted bit-rate to the time-varying SNR of the link'.
Although a plethora of feasible options can be considered to
that end, in this paper we shall consider the specific case of
single-carrier coherent optical communications, owing to its
progressive adoption and envisaged predominance in short-
reach optical links. In that regard, the recently proposed and
commercially deployed PCS modulation provides an attractive
solution for highly flexible and granular bit-rate adaptation.

In the following we will review the basics of PCS
format design, focusing on its potential for adaptive bit-rate
provisioning in transmission systems with time-varying SNR
conditions. For further details on PCS implementation aspects,
the reader may refer to the literature [53], [54].

A. The PAS Architecture and Achievable Bit-Rates

The general concept of PCS modulation resorting to
the reverse concatenation principle associated with the
probabilistic amplitude shaping (PAS) scheme is illustrated
in Fig. 6. The so-called distribution matcher is the key
component of the PAS transmitter architecture, which is
responsible for shaping the I and Q amplitude levels of the
selected QAM template. This allows to allocate the remaining
sign bits in the I and Q components (i.e. two bits in total)
for carrying the systematic FEC parity bits, thus avoiding
distorting the desired shaping through the FEC encoder. The

I Assuming the existence of fixed noise sources at the transmitter and
receiver due to practical performance limitations (e.g. thermal and shot
noise) then the variations on received optical power directly translate into
proportional variations of SNR.
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Fig. 6. PAS transmitter architecture with DSP pilots insertion. S/P: serial-to-
parallel; P/S: parallel-to-serial.

total entropy that must be allocated for the FEC parity bits,
Hpgc, can be calculated as,

Hrgec = (1 — Rpgc) logy(Mpcs), €]

where Rrgc is the FEC rate and Mpcg is the constellation size
of the selected QAM template for PCS. Given the allocation of
the FEC parity bits to the quadrant positions, the PAS scheme
requires that Hrgc < 2, which consequently imposes that,

2
logy(Mpcs)

As an example, for a 64QAM template it results that
Rpgc > 2/3. When the FEC rate is larger than the minimum
imposed by expression (5), the remaining quadrant bits should
be utilized to carry unshaped information bits. The available
entropy for that effect is then simply given by,

Rprc >1 5)

Hguad = 2 — Hrgc. (6)

Conversely, the information entropy fed to the distribution
matcher, Hpn,in, 1S obtained from the amplitude bits in the
QAM template,

Hpwm in = logy(Mpcs) — 2. (7)

The distribution matcher will then provide fine control over
its output entropy,

Hpmout = Hpes — 2, 3
where Hpcg is the overall desired PCS entropy given by,
Ry
H =—> 4 H 9
PCS SRRy + Hrrc, )

where Ry, is the target net bit-rate, Ry is the operating symbol-
rate, Ry is the digital signal processing (DSP) pilot-rate and
the factor of two accounts for dual-polarization transmission.

Taking its input and output distribution entropies, the rate
of the distribution matcher can simply be written as,

Rpy = —2hout (10)

Considering the allocation of the information payload in the
PAS scheme of Fig. 6, the overall net bit-rate of the transmitted
PCS signal can be explicitly given by,

Ry = 2R5Rpil (Hquad + HDM,out) =
— 2R, Ry |2 — (1~ Rewc) logy(Mpcs)

+ Fpu (logo(Mpcs) —2) |, (1)

)
=,
g 14]
{; —O— PCS gain over uniform 16QAM
a0 1 o —— PCS gain over uniform 64QAM
o 135+ —%— PCS gain over uniform 256QAM |
% —0— PCS gain over uniform 1024QAM
= 13r 1
9]
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Fig. 7. Theoretically achievable shaping gain for uncoded modulation using
the Maxwell-Boltzman symbol distribution of expression (14). The dashed
line represents the theoretical maximum shaping gain of 1.53 dB.

where 0 < Rpym < 1 is the free parameter that can be
adjusted in order to adapt the transmitted bit-rate. Given that
the distribution matcher can only reduce the entropy of its
input uniform distribution, i.e. Rpy < 1, it results that
the maximum net bit-rate supported by the PAS transmitter
architecture is,
Ry, max = 2RsRpuc Rpilog, (Mpcs). (12)

The maximum bit-rate is then achieved for Hpcs =
log,(Mpcs), ie. for an uniform constellation, in which case
the distribution matcher in Fig. 6 becomes a simple amplitude
shift-keying (ASK) mapper for the I and Q components.
Conversely, the minimum net bit-rate achievable by the
PAS architecture is obtained when the distribution matcher
collapses all its entries into a single output amplitude level,
i.e. Hpm,out = 0 and thus Rpy = 0. In that extreme case, a
QPSK output constellation is obtained, yielding the following
minimum net bit-rate,

Rb,min = Rb,max - 2P{sfipil(k)gQ (MPCS) - 2)7 (13)
where it is also implicit that the square QAM template for
PCS must respect the condition Mpcg > 4.

B. PCS Probability Distribution and Bit-Rate Adaptation

Besides enabling to adapt the transmitted net bit-rate,
the distribution matcher can also be applied in favor of
minimizing the average transmitted signal energy, thereby
enhancing the energy efficiency of the transmission system.
Following Shannon’s theory for AWGN channels, the
minimum transmitted signal energy required to achieve a given
bit-rate is obtained by setting the QAM symbol probabilities,
P, , according to the Maxwell-Boltzman distribution [55],

exp (—)\ \xn|2>

P, = —
Solres exp (<Al

. (14)
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Fig. 8. Graphical illustration of the symbol probability distributions in a 64QAM PCS constellation for different bit-rates and considering Rs = 64 Gbaud,

MPCS = 64, Rpil = 15/16 and RFEC = 5/6.
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Fig. 9. Adapting the net bit-rate of PCS by tuning the shaping parameter,
A, associated with the Maxwell-Boltzman distribution. The considered signal
parameters are Rs = 64 Gbaud, Mpcg = 64, Rp; = 15/16 and Rppc =
5/6.

where A > 0 is the shaping parameter and x,, is the n-th
symbol in the square Mpcs-QAM constellation alphabet,

Ty = 2 ((n — 1) mod \/Mpcs) — v/ Mpcs +1

)

Note that a uniform distribution with symbol probabilities
P, = 1/Mpcg is obtained by setting A = 0, which
corresponds to Rpyr = 1.

Considering the average energy of the corresponding
constellations, we can evaluate the achievable shaping gain,
Gpcs, provided by PCS using a QAM template of size Mpcsg
over a uniform QAM constellation of size Mqawm as,

Soaaat |y, |2

s 2o | (16)
S el P )

where u,, and s,, are the symbols of the uniform and shaped
constellations, respectively, which are obtained by replacing
the corresponding constellation sizes in expression (15). In
[55] it has been demonstrated that the maximum shaping gain
provided by PCS using the Maxwell-Boltzman distribution
converges to 1.53dB for large Mqawm. In order to verify
this theoretical limit, in Fig. 7 we plot the value of Gpcsg
for different Mgam and Mpcg, following expression (16),
and optimizing the PCS probability distribution in order to
yield the same net spectral efficiency as its uniform QAM
counterpart. To simplify the analysis, we define Mpcs =

15)

24 Nbps Mgam. Two main conclusions can be extracted from
the inspection of Fig. 7:

i) As pointed out in [55], the shaping gain tends to
asymptotically converge to the theoretical maximum of
1.53dB (dashed line) as Mqawm is increased towards
higher-order formats. The gap to the theoretical maximum
is already less than 0.1dB for a reference uniform
64QAM format;

ii) For a given reference uniform QAM constellation, the
shaping gain achieved by PCS saturates for ANyps > 2,
i.e. for Mpcs = 4Mgam. As an example, this means
that for a reference 16QAM uniform constellation, the
maximum shaping gain of ~1.25dB can be achieved
already with a 64QAM PCS constellation.

As an illustrative example of the PCS concept, let us
consider the following particular case, which is matched with
the experimental setup that will be presented in Section IV:

¢ R, = 64 Gbaud,

o Mpcs = 64;

o Ry = 15/16 (6.25% overhead for DSP pilots);

e Rprc = 5/6 (20% overhead for FEC).

Utilizing expressions (12) and (13) with the aforementioned
signal parameters, it results that the achievable net bit-rates
with the PAS scheme are within the interval of 120 Gbps to
600 Gbps. Targeting a 400G+ implementation, a set of PCS
constellation examples are shown in Fig. 8, corresponding
to different bit-rates in the range of 400 Gbps to 600 Gbps.
As previously exposed, the maximum bit-rate of 600 Gbps is
obtained with an uniform 64QAM constellation, while lower
bit-rates are achieved by adjusting the rate of the distribution
matcher block in Fig. 6.

In practice, the adaptability of the transmitted net bit-
rate shall be controlled by adjusting the shaping parameter,
A, in (14). Considering the previously enumerated set of
signal parameters, the dependence of Rpy and Ry on A
is then shown in Fig. 9, which can be utilized as a look-
up table (LUT) for setting A according to the desired net
bit-rate. Currently, there are several alternatives for a quasi-
ideal practical implementation of the PCS distribution matcher,
resorting to blockwise encoding of shaped bits and ensuring
an invertible and fixed-length output [56], [60]-[62]. While
the analysis of practical aspects of the distribution matcher
implementation falls outside the scope of this work, for
the remaining of this paper we shall adopt the constant
composition distribution matcher (CCDM) algorithm proposed
in [56].
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C. PCS Performance Assessment Metrics

In transmission systems utilizing the soft-decision (SD) FEC
coding paradigm, it has been recently demonstrated that the
generalized mutual information (GMI) is an adequate metric
for pre-FEC performance assessment [63]. In an AWGN
channel, and assuming a PCS-modulated transmitted signal,

the GMI can be calculated as [64],
GMI = Hpcs — G(Mpcs, Py, 07%), (17)

where G represents the loss of information due to propagation
over the AWGN channel,

log, (Mpcs)

‘yn 7mm |
xm,

|Yn—Tm ‘2
T €EX (kb i) FXP (_702 Py,,

G(Mpcs, Py, 0?)

17n ex exp

/'\HM

log, , (18)

where o2 is the noise variance of the AWGN channel, Yn 18
the n-th received symbol (out of a total of N symbols), x,,
is the m-th symbol in the respective constellation alphabet,
by, i is the k-th bit of the n-th transmitted symbol and X (k, b)
is a subset of the constellation alphabet, X', which contains
bit b € [0 1] in the k-th bit position. The GMI can then take
values in the range of 0 to Hpcg, which ideally correspond to
the worst and best SNR conditions, respectively. To provide
an universal assessment of achievable information rate for any
modulation format, the normalized GMI (NGMI) is commonly
utilized, which can be defined as [65],

G(MP087 va 02)
logy (Mpcs)

Considering an ideal FEC implementation, it can be shown
that the minimum NGMI that ensures error-free transmission,
NGMly,, is given by NGMIL,, = Rpgc. However,
due to practical implementation constraints, the SD-FEC
encoder/decoder typically suffers from a coding gap, i.e. it
imposes that NGMIy,, = Rggc + J, where § accounts for the
non-ideal FEC performance loss.

Employing the NGMI definition of expression (19), in
Fig. 10 we show the required SNR, SNR,¢q, as a function
of the operating net bit-rate, considering the previously
enumerated signal parameters and a realistic NGMI, = 0.9,
which is a typical value that guarantees post-FEC error-free
transmission for most non-ideal SD-FEC algorithms [66] with
20% overhead (Rpgc = 5/6). For direct comparison, we
also show the required SNR associated with uniform 16QAM,
32QAM and 64QAM formats. The first key observation that
can be taken from Fig. 10 is that the bit-rate adaptation through
the sole modification of the modulation order provides a very
coarse granularity of 100 Gbps for the considered scenario.
In contrast, PCS provides a seamless and continuous bit-rate
adaptation, requiring only to adjust the shaping parameter,
A, according to the desired bit-rate. This facilitates the real-
time adaptation of the transmitted bit-rate to the time-varying
SNR condition of the channel, provided that it can be
accurately monitored. In addition, due to the minimization of

NGMI=1 —

19)

—

64QAM

32QAM

16QAM

T T > PCS-64QAM

500 550
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Fig. 10. Theoretically required SNR as a function of net bit-rate. The
considered signal parameters are Rs = 64 Gbaud, Mpcs = 64, Ry =
15/16, Rprc = 5/6 and NGMI;, = 0.9.

the transmitted signal energy through the Maxwell-Boltzmann
distribution, PCS also provides the well-known shaping gain
over uniform modulation. For the considered scenario, this
gain amounts to approximately 0.8 dB over uniform 16QAM
and 1.1dB over uniform cross-32QAM, for 400 Gbps and
500 Gbps transmission, respectively. The additional gain over
32QAM is mainly due to the imperfect Gray mapping
associated with cross-QAM constellations, whose penalty
is avoided by the square-QAM PCS constellation. Since a
64QAM template has been chosen for designing the PCS
signal, the maximum supported bit-rate is 600 Gbps, in which
case the transmitted signal becomes a uniform 64QAM
constellation. In order to benefit from the PCS shaping gain,
it can be seen from Fig. 10 that the transmitted bit-rate should
not exceed 550 Gbps. Otherwise, a larger QAM template
should be considered for designing the PCS signal.

IV. TIME-ADAPTIVE 400G+ FSO TRANSMISSION

Taking advantage of the FSO channel estimation tools
proposed in Section II and the PCS modulation concept
reviewed in Section III, in this section we provide an integrated
experimental demonstration of a time-adaptive 400G+ FSO
transmission system, supported by long-term measurements.
All experimental results presented in this section, as well as
the corresponding post-processing routines, are available for
consulting in an open access dataset [67].

A. Experimental Setup

The experimental setup utilized in this work is depicted
in Fig. 11. After digital modulation, the baseband electrical
signal is generated by an arbitrary waveform generator
(AWG) operating at 120 Gsa/s (Keysight M8194A), with
~45GHz analog bandwidth. The PCS-64QAM signal is
designed according to the methodology and parameters
previously considered in Section III, rewritten here for clarity:
Rs = 64Gbaud, MPCS = 64, Rpil = 15/16, RFEC = 5/6
and NGMI, = 0.9. Pulse shaping is performed with a root-
raised cosine (RRC) filter with 0.05 roll-off factor. Optical
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Fig. 11. Experimental setup for optical signal transmission and detection with a 55-m free-space optics link (inset in the upper right corner of the figure).

modulation is performed by a single-polarization IQ modulator
with approximately 22 GHz bandwidth, which is fed by an
external cavity laser (ECL) with 100kHz nominal linewidth,
emitting at 1550 nm with 15 dBm optical power. A 1 m optical
delay line (ODL) is utilized to create a time-decorrelated copy
of the IQ modulator output, which is then combined in the
form of a dual-polarization signal by using a polarization-
beam combiner (PBC). The dual-polarization optical signal
is then sent to the 55m FSO link, which follows the same
configuration as the one previously described in Fig. 1. It is
worth referring that the entire FSO link (fiber collimators and
mirror) is fully exposed to the outdoor weather without any
special protection. After transmission over the FSO link, a
dual-polarization coherent receiver with ~40 GHz bandwidth
converts the optical signal back into the electrical domain. The
local oscillator is also an ECL, whose parameters similar to the
ones of the transmitter laser. The electrical I and Q components
resulting from the coherent receiver are finally sampled and
quantized by a 4-port real-time oscilloscope with 100 Gsa/s
and 33 GHz analog bandwidth (Tektronix DPO70002SX).
Note that, in order to reduce the power consumption and
cost of the system, no optical amplification is implemented
either at the transmitter or at the receiver side. Therefore, the
performance of the implemented transmission system will be
mainly determined by the sensitivity of the coherent optical
receiver, which sets the maximum power budget of the link.

B. Digital Signal Processing Subsystems

The digital I and Q components of both polarizations
captured from the real-time oscilloscope are processed in
MATLAB, where a set of DSP subsystems is applied to
compensate for the channel impairments and retrieve the
transmitted signal information.

The first stages of DSP are aimed at compensating for the
non-ideal characteristics of the receiver frontend, including 1Q
skew compensation and amplitude imbalance compensation
resorting to  the  Gram-Schmidt  orthogonalization
algorithm [68]. Next, we perform polarization demultiplexing
together with a first coarse channel equalization by applying
the constant modulus algorithm (CMA) with 25 taps in
a 2 X 2 butterfly configuration. Carrier frequency offset
estimation (around 200 MHz offset) and compensation are

Measure
SNR

Set Bit—Rate FSQ . Receiver
Transmission DSP
A

Estimate
Next SNR

___________________________________

Fig. 12. Implemented methodology for the experimental validation of 400G+
adaptive FSO transmission.

then performed over the CMA-equalized signal, which is
then followed by pilot-based carrier-phase recovery [69]. The
inserted DSP pilots are QPSK-like symbols placed at the
average energy of the original constellation, thereby avoiding
any major impact on the shaping gain of the PCS signal.
After carrier recovery, a second 4 x 4 real-valued least-mean
squares (LMS) adaptive equalizer with 51 taps is applied to
fine-tune the equalization of the signal, also compensating
for the residual transmitter-side IQ skew [70]. Convergence
of both equalizers (CMA and LMS) is achieved through
an initial data-aided training stage, followed by pilot-aided
equalization. Finally, after downsampling and demapping,
the NGMI is calculated according to expression (19). In
order to directly estimate the SNR of the optical link, we
also evaluate the error vector magnitude (EVM) between the
fully-processed received signal and the transmitted one,

2
AL \/ ulu(m) —a(m)]”
2o lz(n)]
Taking the EVM value obtained from expression (20), the SNR
can be directly calculated as SNRqp = —201log,o(EVM).

(20)

C. FSO Channel Estimation and Bit-Rate Adaptation

The adopted methodology for bit-rate adaptation of the
outdoor FSO transmission is depicted in the block diagram
of Fig. 12. After FSO transmission and receiver-side DSP
as described in the previous subsections, the measured SNR
(from EVM) is fed to the moving average channel estimator
introduced in Section II, thereby enabling to track and adapt
to the time-varying power budget of the FSO link. In this
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when the transmitted PCS-64QAM signal carries 400 Gbps and 500 Gbps; (c) obtained NGMI when adaptive PCS modulation is applied.

case, the power-based channel estimator of expression (1) is
rewritten as,

SNRest(n +1) =

SNRmcas(n)7
Nn—Niaps+1

where SNR,cas(n) is the measured SNR (from EVM) and
SNRest(n + 1) is the estimated SNR for the next time instant.
In order to account for the variance of the FSO channel, a
given SNR margin, k, is also embedded in the estimation.
Note that the power-based channel estimator of expression (1)
could as well be considered for this experimental validation.
However, the SNR-based tracking of expression (21) provides
the advantage of enabling a fully-digital feedback, without the
need for a dedicated optical power measurement.

Although the practical realization of the feedback system
proposed in Fig. 12 is outside of the scope of this paper, several
implementation options can be considered. In bidirectional
FSO systems, a low overhead can be reserved in the reverse
transmission direction in order to send the measured optical
power back to the transmitter, which is then able to adapt
its bit-rate accordingly. Considering typical bit-rates above
10 Gbps, the required overhead for this purpose would be
negligible, even for significantly faster updates (e.g. once
per millisecond). In addition, the processing and propagating
latency of such point-to-point systems is typically much lower
than this time-scale, and therefore, the feedback delay should
not be significantly impacted by the transmission latency. An
alternative solution for unidirectional FSO links (or other links
in which the addition of an extra protocol overhead is not
permitted), is the use of a parallel RF communication system,
which among other possible functionalities, might be as well
responsible for the implementation of the feedback channel.
Depending on the update-rate requirements and available
infrastructure, different technologies might be considered, such
as cellular RF communications (4G, 5G), wireless fidelity or
low-power IoT solutions (e.g. NB-IoT, LoRa, SigFox).

Due to the absence of a 400G+ real-time processing
platform, each iteration of the bit-rate adaptation algorithm
defined in Fig. 12 took an average of 25 seconds, already
including the full processing of the adaptive modulation
scheme. Taking this sampling period into account, and

21
KNtaps

considering the channel modeling results from Section II,
we have defined Ni,ps = 3 and k = 1.585 (2dB) for the
remaining of this work. We have then started a continuous
measurement with the high-capacity transmission system
depicted in Fig. 11, for a period of 3-hours. In each iteration,
the oscilloscope obtains a batch of 2 x 105 samples for 3
distinct modulation schemes using PCS-64QAM:

i) fixed modulation at 400 Gbps (Rpy = 0.5833);

ii) fixed modulation at 500 Gbps (Rpy = 0.7917);

iii) adaptive modulation with the bit-rate adapted in
accordance with the estimated SNR.

Taking the estimated SNR from expression (21), the
estimated noise variance of the link can be simply evaluated
as o2, = > |z(n)[*/SNRest. Plugging the value of o2
into expression (19), we can then numerically optimize the
symbol probabilities in the PCS constellation, P,, through the
shaping parameter, ), in expression (14), so that the NGMI
converges to the pre-defined threshold of NGMI;, = 0.9.
Note that, by tuning the A parameter we are also implicitly
modifying the rate of the distribution matcher, Rpyr, as shown
in Fig. 9, which consequently determines the transmitted
bit-rate through expression (11). This concludes the bit-rate
adaptation process implemented for case iii). In turn, since
both the 400 Gpbs and 500 Gbps configurations are fixed and
do not depend on the SNR estimation, the data corresponding
to cases i) and ii) is only stored in memory and processed
afterwards, so that all measurements corresponding to cases i),
ii) and iii) can be taken within a time lapse of 1-2 seconds, thus
maximizing the time correlation between the three scenarios
under comparison.

D. Experimental Results

Utilizing the experimental setup of Fig. 11 we have
performed a 3-hours continuous measurement, whose results
are depicted in Fig. 13. The outdoor measurements were taken
during unstable meteorology, with the raining periods signaled
by blue shaded areas. In Fig. 13a, we show the measured SNR
(from the calculated EVM) and the respective estimated SNR
(with 2dB margin). In accordance with the modeling results
previously presented in Section II, the impact of rain can be
clearly identified by a significant reduction of the average
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Fig. 14. Instantaneous transmitted bit-rate with fixed and adaptive modulation.

SNR of the channel. We can also confirm that the simple
SNR estimator of expression (21) can accurately follow the
trend of the time-varying FSO channel. The instantaneous
performance of the FSO transmission system over time is
measured in terms of NGMI of the processed signal. In
this regard, Fig. 13b shows that the fixed 500G solution is
significantly more affected during the raining periods, which
is due to its higher required SNR: by operating farther
from the NGMI saturation point, any small variation of
SNR leads to a proportional variation of NGMI. This leads
to several threshold NGMI violations, thereby bringing the
system into out-of-service state for long periods of time. On
the contrary, for the 400G case, the lower required SNR
enables to operate significantly closer the NGMI saturation
regime, in which case the experienced SNR variations in
the link are partially absorbed by asymptotic convergence of
expression (19) towards unity. This makes the 400G solution
quite resilient to the worse channel conditions, due to its
inherently large SNR margin for operation. However, this also
means that the FSO channel is being heavily under-utilized for
most of the time. In order to enable an improved utilization
of the time-varying FSO channel capacity, in Fig. 13c we
show the evolution of NGMI after adaptive entropy loading
of the PCS constellation. Compared with the fixed 500G
configuration, the adaptive bit-rate solution provides a more
stable NGMI performance over the entire measurement period.
Nevertheless, a higher performance variance is still observed
during the raining periods, leading to a few violations of the
NGMI threshold.

The instantaneous bit-rate evolution during the 3-hours
measurement is presented in Fig. 14. Considering that the
received signal cannot be correctly decoded when the NGMI
is below the predefined target (NGMIy,, = 0.9), then the
instantaneous bit-rate can be calculated as,

. (11 NGMI > NGMI
Rb(n) _ €q ( )7 (n) el th (22)
0, otherwise.
Note that the points corresponding to Ryp(n) = 0 are

signaled in Fig. 14 by empty gaps on the corresponding bit-
rate curves. In this sense, we can conclude that, although
conservative, 400G transmission provides a resilient solution
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Fig. 15. Accumulated gain in data transfer (in Terabytes) over time obtained
by time-adaptive modulation over fixed modulation.

for the FSO link under test, yielding an overall average bit-
rate of 399.8 Gbps over the 3-hours measurement period.
In contrast, the fixed 500G option corresponds to an
optimistic estimation of the channel condition, enabling a
very-high throughput during the best SNR periods, but failing
catastrophically during the raining periods, thereby leading to
an average bit-rate of 426.6 Gbps. In comparison with these
fixed bit-rate scenarios, the adaptive PCS strategy effectively
compensates for the worst channel condition with a reduction
of transmitted bit-rate, thus relaxing the SNR requirements and
thereby reducing the number of out-of-service occurrences.
Consequently, an improved average bit-rate of 464 Gbps is
achieved over the 3-hours measurement period.

Finally, in order to capture the overall picture in terms of
bit-rate provisioning, in Fig. 15 we show the accumulated gain
in data transfer achieved by the adaptive modulation scheme
relatively to the fixed 400G and 500G strategies. Regarding the
400G signal, we can observe a steady increase of data transfer
over time, except for a short interlude during the raining
period, leading to an overall estimated gain of >80 Terabytes
after the 3-hours measurement, i.e. an average bit-rate increase
of about 64 Gbps. For the 500G signal instead, we can observe
a slight penalty of the adaptive modulation during the first 80
minutes, which is due to the large considered SNR margin of
2 dB. Nevertheless, this initial loss is largely compensated by
the rapid gain during the raining periods, leading to a total
gain of >50 Terabytes after 3 hours, or conversely, ~37 Gbps
increase in terms of average bit-rate.

V. CONCLUSION

Free-space optical communications convey the potential
for unparalleled wireless transmission capacity, enabled by
electronic baseband processing together with commercial
optical fiber transceivers. Through the use of simple passive
components, such as optical fiber collimators, FSO can be
made highly compatible with the already deployed optical fiber
systems, thereby significantly reducing the cost and footprint
for last-mile wireless access.

In this paper, we have tackled the modeling and mitigation
of time-varying FSO channel impairments in outdoor weather-
exposed links. Through the analysis of long-term power budget
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measurements in a seamless fiber-FSO outdoor link, we have
identified the existence of significant time correlation on
the instantaneous SNR of outdoor FSO systems, which can
be utilized to develop channel estimation techniques. This
time-domain memory effect was found to strongly depend
on the time-varying meteorology. In particular, it was found
that under rainy weather the autocorrelation of the FSO
channel can be on the order of several minutes, thereby
enabling to employ low-frequency tracking techniques to
capture the evolution of the average SNR on the channel.
Using a simple and low-complexity algorithm based on an
unweighted moving average, we have demonstrated the ability
to accurately perform channel estimation on FSO links.
Combining the proposed channel estimation technique with
highly flexible modulation enabled by time-adaptive PCS, we
have experimentally demonstrated a channel-aware blind bit-
rate adaptation technique, enabling 400G+ transmission over
55m during unstable atmospheric conditions. Future work
comprises the extension of the proposed adaptive modulation
technique to track and compensate for faster optical power
variations generated by atmospheric turbulence, by integrating
the feedback mechanism in a real-time processing platform,
with a fast enough update rate.
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