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Abstract—Free-space optical (FSO) links enable a seamless
extension of the fiber-grade bandwidth continuum in fiber-scarce
environments. Towards this, we present a bidirectional fiber-
wireless-fiber link that bridges the gap between two single-mode
fiber ports. We utilize simple focal plane array beamformers that
host 91 antenna elements on a fiber tip to ensure the optimal
coupling of light in terrestrial point-to-point FSO links, for which
hybrid space / wavelength-switched beamforming networks are
employed to enable centralized control. The asymmetric
complexity distribution in the FSO link layout is further
enhanced through a reflective, source-less tail-end equipment and
wavelength re-use to accomplish full-duplex 10 Gb/s data
transmission with simultaneous channel sounding in an adjacent
waveband. Moreover, we propose and demonstrate a graceful
migration path towards diversity reception through simple
wavelength-set coding, which enables us to mitigate the effect of
turbulence-induced signal fading on the data transmission.

Index Terms—Free-space optical communication, Optical
communication terminals, Optical antennas, Optical turbulence

I. INTRODUCTION

PTICAL wireless communication (OWC) is a
license-free high-bandwidth alternative to radio
frequency (RF) based over-the-air communications. It
supports operation in environments that are contaminated by
electro-magnetic interference and can serve as a cost-effective
replacement of optical fiber for temporary installations [1].
OWC has been considered for a number of attractive
application domains, such as in-door access [2], underwater
communications [3], inter-satellite and satellite-to-ground
communications [4] and terrestrial free-space optical (FSO)
backhaul links [5, 6, 7]. Furthermore, OWC has been
demonstrated in scenarios that involve mobile users, including
ships [8], aerial vehicles [9] and space probes, through the
latter demonstrating the FSO-enabled streaming of an ultra-
high-definition video at a data rate of up 267 Mb/s over a
distance of 30 million kilometers or 0.2 astronomical units
[10].
The uncontended bandwidth performance of optical
wireless links often comes at a considerable complexity
burden, which often spoils their cost-effective deployment. On
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Fig. 1. Integration of FSO links for local access and x-haul in
fiber-scarce environments.

top of this, out-door FSO links are challenged by atmospheric
effects and potentially poor weather conditions. A practical
FSO link therefore not only requires pointing, acquisition and
tracking to establish and maintain the link, but also means to
mitigate signal fading due to turbulence [11]. Towards this
direction, earlier works have proposed receiver-side photonic
multiple-input / multiple-output processors and digital signal
processing (DSP) methods such as selective- or maximum-
ratio combining of received modes [12-17]. Since
demonstrations such as in [12] are terminating the FSO link
rather than providing a transparent Fi-Wi-Fi link, they are
suitable only for translucent links. Others, such as [13],
employ DSP in combination with coherent signal
transmission, thus rendering it specific to the modulation and
coding scheme, also questioning whether mitigation on a per-
signal level can be more efficient than a joint method
addressing the entire FSO link. [14], [15] and [16]
alternatively employ few- and multi-mode fibers, which trade
bidirectionality of the FSO link against robustness of a
unidirectional link. The use of larger-core fiber further
introduces restrictions for the end-to-end link bandwidth if
transmission over a Fi-Wi-Fi bridge with continued lightpath
is considered.

This paper extends our initial study [18] on a bidirectional
fiber-wireless-fiber (Fi-Wi-Fi) bridge and demonstrates a
bidirectional point-to-point FSO link that connects two single-
mode ports through focal plane array (FPA) beamformers that
host 91 antenna elements on a fiber tip. We experimentally
demonstrate centralized beamforming control through a hybrid
space- / wavelength-switched FPA architecture in a reflective
FSO link configuration that supports full-duplex 10 Gb/s
transmission by means of wavelength re-use and simultaneous
channel sounding. We further prove a graceful diversity-
reception upgrade for the FSO bridge to effectively mitigate
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Fig. 2. (a) Link-level architecture of the bidirectional FSO link, together with the spectral allocation according to the different
implementation scenarios of the Fi-Wi-Fi bridge. (b) Optical beamforming methodology and control for the bidirectional FSO

link.
TABLE 1
FI-WI-FI BRIDGE IMPLEMENTATION SCENARIOS
AND USE OF OPTICAL SPECTRUM.
FSO configuration DS US Sounding
C-band, C-band,
@ Half-duplex ER> 10qp | Cband periodic
Full-duplex with L-band, S-band,
24 paired spectrum ER>10dB C-band continuous
Full-duplex C-band, L-band,
o through A re-use ER=3dB C-band continuous

optical turbulence through simple wavelength-set data coding.
As a result, the proposed design omits the need for complex
DSP, eclaborate photonic circuit designs, fast beam steering
mirrors or multimode fibers to mitigate turbulence, while also
enabling bidirectional link operation.

Compared to our previous study [19], introducing the
beamforming and Fi-Wi-Fi concept, this paper demonstrates
an increased number of optical antenna elements for an
enhanced field-of-view as well as simultaneous S-band
sounding. This enables novel bidirectional operation via the C-
and L-bands, together with simultaneous sounding. In
addition, this study demonstrates simple and effective
turbulence mitigation. While our initial study [18]
demonstrates the core concept, this paper extends it by
providing a detailed analysis on the loss contributions from the
constituent beamforming elements and wavelength-specific
performance aspects, as well as an investigation on the cyclic
behavior of wavelength-routed FPA beamformers, including a
tailored multi-band 8x8 AWG. Furthermore, we provide a
detailed characterization of the induced turbulence.

The manuscript is organized as follows. Chapter II
presents the concept of a Fi-Wi-Fi bridge with asymmetric
complexity distribution and the adopted methods for
beamforming, remote control / modulation and channel
sounding. Chapter III highlights the experimental evaluation
setting, while Chapter IV characterizes the FSO link. Chapter
V then discusses the data transmission performance in three
selected scenarios. Chapter VI eventually demonstrates the
mitigation of atmospheric turbulence. Finally, Chapter VII
concludes the work.

II. BIDIRECTIONAL REFLECTIVE FSO LINK

The FSO link considered in the following investigation aims at
an asymmetric complexity distribution among its terminals, as
it would apply for optical wireless links that connect
aggregating nodes in a local access network setting towards its
end-points [20]. Such a configuration is sketched in Fig. 1,
where FSO supports a bandwidth continuum between the far
edge and distributed network units in fiber-scarce
environments. Towards this, the support of a fiber-grade
continuum over FSO can be considered as a formidable
challenge as it requires to reliably couple light between to
single-mode fiber ports. In general, various application
scenarios for short range FSO links, ranging from simple
inter-building point-to-point connections to local cloud-based
radio access network applications can be envisioned [21].

The architecture of such a bidirectional FSO link is
proposed in Fig. 2(a). It is laid out as a Fi-Wi-Fi bridge that
leverages FPA beamformers at the head-end (HE) and tail-end
(TE) FSO terminals to accomplish alignment tolerance and
turbulence mitigation. Moreover, its resource partitioning
follows a centralized approach through reflective upstream
modulation and optical beamforming methods specific to the
FSO terminals. The FSO link has been evaluated in three
different scenarios, which are listed in Table 1. These
scenarios investigate various complexity / performance trade-
offs when implementing the FSO link with respect to its
duplexing methodology, its monitoring and control functions
and its use of spectral resources.

Specifically, scenario @ exclusively employs a C-band
setup for half-duplex 10 Gb/s on-off keyed downstream (DS)
and upstream (US) transmission, which is performed together
with periodic channel sounding interleaved to the data
transmission. Scenario @ dedicates entire bands to DS (L-
band) and US (C-band) transmission as well as channel
sounding (S-band). With this, it facilitates full-duplex data
transmission while it evaluates the FSO link quality
simultaneously. Scenario € simplifies this spectral layout by
introducing wavelength-reuse for the purpose of full-duplex
DS/US transmission in the C-band. For this purpose, a reduced
extinction ratio (ER) of 3 dB is set for the intensity-modulated
DS, which enables the TE to re-cycle the DS signal as optical
carrier for its remodulation with US data [22]. Channel
sounding is continuously performed at the now unoccupied L-
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Fig. 3. Optical transmission of the EAM and wavelength-
specific loss and extinction ratio.

band. The overall use of spectrum is therefore compressed to
two wavebands.

By design, scenarios @ and €@ do not maximize the
spectral efficiency, as it is paramount for metro-core
deployments, since they target access-like network
deployments where usually a bidirectional full-duplex link
utilizing two optical carries is used. This offers simplicity
while also freeing up resources for turbulence mitigation
through diversity reception.

In the following, we will highlight the contributions of
remote control, remote modulation and channel sounding to
the operation of the FSO link.

A. Focal Plane Array Beamformer

The layout of the FSO terminals is shown in Fig. 2(b). The air
interfaces of these terminals build on a FPA configuration to
ensure simple control and calibration for defining the emitted
pencil beams. The emission direction of the beams is defined
by introducing an offset for the optical signal launch with
respect to the focal center of the collimation lens. This is
achieved through implementing an antenna element plane at
the tip of the launch fiber by means of a photonic lantern,
whose launch waveguide is then defined through a
beamforming network based on either optical space switching
or through spectral routing. The specifics of this FPA concept
have been reported in [19]. In this work, we use a photonic
lantern with an extended number of 91 single-mode cores that
feature a mode-field diameter of 8.4 pum. These cores are
hexagonally arranged over the cross-section of the focal
antenna plane with a spacing of 7 = 35 ym and up to N =11
launch cores per axis. The worst-case crosstalk among cores is
less than -47 dB, while the fill factor for all cores over the
focal plane is 5.9% or -12.2 dB. A single 2” lens with a focus
of f= 100 mm serves the beam collimation, for which a
diameter of ~28 mm is yielded for FSO propagation.
Furthermore, the field-of-view that results from this optical
setup, which is yielded by FoV' = N-w /f= 0.22°, is sufficiently
wide for stationary point-to-point links that do not foresee
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Fig. 4. Spectral uniformity for a 1x96 single-waveband AWG.
(a) Channel transmission, (b) channel overlap in multiple
wavebands, (c) received power at focal plane.

T SPE
ST D

@
]

Svlovlssioe] Leoleplssleplar]
]

S
DTOTTTOTO
T

) POOSS®

Transmission [dB]

1540 1580 1620
0- A [nm]

M S-band
[l C-band
M L-band

Received

power g C-band
2
L—bandms—band 2

Transmission [dB]
ol
(=]

-40 T T r . T .
-150  -100 -50 ) 50 100 150
(b)  offset Af[GHz] from ITU-T center frequency

Fig. 5. Spectral uniformity for an §x8 multi-band AWG. (a)

Channel transmission, (b) channel overlap in multiple
wavebands, (c) received power at focal plane.

mobility for its terminals. In order to enable bidirectional
transmission, an angled (8°) polish has been applied to the
end-facet of the focal plane. Optical space switching and
spectral routing are facilitated by an optical switch (SWI)
based on micro-electro-mechanical system (MEMS)
technology and through a (cyclic) arrayed waveguide grating
(AWG) at the HE- and TE-side FSO terminals, respectively.
The passive wavelength routing scheme with fixed wavelength
allocation per antenna element for the TE-side beamforming
network enables centralized link control, as indicated in Fig.
2(b) where a tunable source selects the TE-side antenna
element by means of simple choice of its emission
wavelength.

B. Remote Control and Modulator Seeding

Simplification of the TE terminals is driven by adopting
remote control and remote modulation — two notions that
centralize network intelligence and ease resource
management. The first is accomplished through a wavelength-
routing architecture of the TE-side FPA, which enables the
centralized HE to remotely orchestrate the FPA at the TE
through simple wavelength choice: While the TE-side antenna
element can be directly selected through the wavelength of the
data signal, the HE-side beamforming network has been laid
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Fig. 6. (a) Experimental setup of the FSO link for the three chosen implementation scenarios. (b) Out-door FSO link setup.

out in a space-switched and thus colorless fashion.

The second notion is implemented through use of a
polarization-insensitive electro-absorption modulator (EAM)
as the US transmitter at the TE. This source-less modulator is
remotely seeded by the HE, which mitigates complex and
precise spectral control that would be required for a locally
sourced TE transmitter. Moreover, the overall synchronization
among network resources is greatly relaxed since no element
needs to be actively switched in either spatial or spectral
dimension. As a prerequisite for this implementation, the
EAM transmitter is required to feature a colorless response
within the (US) data transmission waveband — which in case
of the present experiment has been dedicated to the C-band for
all scenarios. Figure 3 reports the wavelength-specific
transmission characteristics of the EAM as a function of its
bias voltage Veam. The static modulation extinction ratio e,
which is shown for a swing of 2 V,,,, remains larger than 11.6
dB over the entire wavelength range of interest, which is
defined over A = [1528.77, 1564.68] nm. Even though the
fiber-to-fiber insertion loss at Veam = OV increases to 15.1 dB
at A = 1528.77 nm, this increased loss can be accounted for
during optical re-amplification at the TE terminal. It shall be
noted that specifically designed wideband EAMs [23] should
be employed for the proposed application.

C. Simultaneous Channel Sounding

Acquisition of the channel conditions provides information for
centralized beamforming on the best available channel
transmission among all FPA elements. Given the cyclic
response of the AWG as beamforming network at the TE, the
injection of white light over the FSO link will introduce a
coupling-dependent signature for all its antenna elements over
all wavebands, which can be easily retrieved through simple
spectral monitoring at the HE. With this, the optimal antenna
element pair can be determined to optimize the FSO channel
transmission and the DS and US seed wavelengths at the HE
can be tuned accordingly.

To enable a spectrally repeated imprint of the FSO link
quality at the S-, C- and L-bands, information must be
correctly replicated across these adjacent wavebands, by virtue
of its cyclic response that covers an extended spectral range
including the adjacent wavebands. This further implies that the
involved AWG has a uniform channel spacing over multiple
wavebands. Figure 4(a) presents the transmission function of

the 96 channels of a single-band 1x96 AWG with a 50 GHz
spacing over the C-band, together with the transmission in the
adjacent S- and L-bands. When collapsing all channels over a
reference ITU-T grid with 100-GHz spacing while offsetting
the 48 interleaved channels by 50 GHz, we see a good overlap
in channel transmissions within the C-band. This is evidenced
in Fig. 4(b) by the overlap in rising and falling -3dB channel
edges at an offset Af = +26/-24 GHz from the ITU-T channel
center. However, this uniformity does not apply for the
adjacent wavebands, which show a wide spread in channel
frequencies due to a spatial dispersion of the frequencies at the
output plane of the single-band AWG [24]. As a result of this
effect, information obtained through sounding at an adjacent
waveband is related to a different antenna element of the FPA.
This is shown in Fig. 4(c) in terms of received power over all
antenna elements in the target C-band and the two adjacent
monitoring S- and L-bands. While the monitoring bands do
point to the right group of antenna elements, neither of them
indicates the optimal antenna element (®). Spatial averaging
between the high-return elements in the S- (A) and L-band (m)
can improve the pinpointing of the correct antenna element —
despite the poor channel uniformity of the utilized AWG.

For comparison, Figure 5(a) shows the transmission of a
dedicated multi-band 8x8 AWG with 100 GHz spacing and no
skip channels in its cyclic response. The channel transmission
functions show a much smaller shift Af to the nominal center
frequency. Figure 5(b) proves this through an average shift of
+6 and -31 GHz for the S- and L-bands, respectively.
Consequently, the antenna elements at the focal plane feature
a higher correlation in received power at the adjacent
wavebands, as reported in Fig. 5(c). It shall be noted that the
reduced number of eight AWG ports restricts an investigation
to a smaller number of antenna elements, for which the seven
innermost elements of the focal plane have been chosen.

III. EXPERIMENTAL FSO SETUP

The FSO link has been evaluated in the experimental setup
presented in Fig. 6(a). The DS was modulated on an optical
carrier wavelength determined by the actual scenario. A
Mach-Zehnder modulator (MZM) is employed for this
purpose. It is combined with the US seed wavelength through
a blue/red (B/R) waveband splitter while the US seed is
omitted for the case of wavelength re-use (@), for which the
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Fig. 7. Optical coupling between the HE- and TE-side air
interfaces. The focal planes exemplarily show the TE-side
received power distribution for a launch at the HE antenna
element 55.

DS is instead transmitted with a reduced ER of 3 dB. The HE
then launches these signals over the space-switched FPA
beamformer over either an in-door lab link with a distance of 6
m or an out-door link over a distance of L = 63 m, which is
shown in Fig. 6(b). Due to the limits of the employed
components, we were not able to exceed data rates of 10 Gb/s,
while in principle the use of high-bandwidth electro-optics
permits single-channel data rates beyond 50 Gb/s [25].

At the TE the signal is coupled to a single-mode fiber
through the wavelength-routed FPA beamformer. It enters a
re-modulation loop that includes the aforementioned EAM-
based US transmitter, which is accompanied by optical
amplifiers to condition the signal level. For the DS reception,
the TE builds on an avalanche photodetector (APD) with co-
integrated transimpedance amplifier (TIA) after waveband
splitting in case that a dedicated DS waveband is employed
(@). In the other two implementation scenarios that target
half-duplex operation (@) or wavelength re-use (@), the
optically pre-amplified signal is split off before the EAM
transmitter by a 50/50 coupler for subsequent photoreception
with a simpler PIN+TIA receiver.

The US signal is combined with the sounding signal
(0.0©) that originates from a broadband light source in the
respective waveband. It is then launched back to the HE
through the FPA beamformer. The required directional split at
each of the FSO terminals is realized through optical
circulators. At the HE, an optically pre-amplified PIN+TIA
receiver is employed to detect the US signal. Variable optical
attenuators (VOA) have been included at the HE and TE to
evaluate the transmission quality through real-time bit error
ratio (BER) testing as a function of the received optical power

S-band C-band L-band

Antenna element at HE
-
(4]
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Fig. 8. (a) Channel sounding over multiple wavebands that
range from the S- to the L-band. (b) Received spectrum at HE
for angled and flat polish of the photonic lantern at the HE-
side FPA beamformer.
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IV. CHARACTERIZATION OF THE FSO LINK

A. Optical Coupling between Air Interfaces

The optical coupling over the FSO channel is first evaluated
according to the channel conditions when establishing links
for different antenna elements at the HE and TE beamformers.
For scenario @, this procedure is to be performed prior to data
transmission and will have to be periodically repeated to
maintain optimal coupling between the terminals.

Figure 7 presents an example for the in-door FSO links by
reporting the established optical coupling conditions between
all HE- and TE-side FPA antenna elements. For this, the
antenna elements at the TE are referenced to their actual
spectral channel A that results from its wavelength-routed FPA
architecture. This allocation between wavelength domain and
spatial coordinate of the antenna element at the focal plane
follows a spiral-shaped inwards-out assignment of the 50-GHz
spaced AWG channels, as it is indicated at the inset of Fig. 7.
For the provided example, the launch of the HE-side signal at
antenna element 55 results in an optimal coupling with a
received power of -13.2 dBm at the antenna element 16 of the
TE, corresponding to a signal wavelength of A = 1542.89 nm.
This is evidenced by the power distribution of the two focal
planes that have been appended to Fig. 7 for this launch
condition. It shall be noted that the exceptionally poor
coupling that is marked by E in Fig. 7 is solely caused by a
faulty fiber port at the TE-side photonic lantern, specifically
impacting the FPA antenna element 24.
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B. FSO Channel Sounding

In case of scenarios @ and @, we utilize additional spectral
wavebands. Since we dedicate only one or two wavebands to
full-duplex data transmission, the other band(s) are available
for the purpose of channel sounding. As introduced in Section
II.C, this enables us to perform continuous monitoring of the
link conditions and to optimize the optical coupling between
the HE- and TE-side FSO terminals accordingly.

Figure 8(a) shows this functionality through the wideband
S+C+L spectrum that is acquired at the HE monitor (u in Fig.
6) upon white-light injection at the TE (Q). The information
obtained from the adjacent wavebands resemble the coupling
conditions reported in Fig. 7, pending minor AWG-specific
corrections as discussed in Section II.C. It shall be stressed
that the reduced contrast in the S-band is a result of the limited
emission power of the white-light source in this spectral
window.

Figure 8(b) reports the optical spectrum of a C-band US
signal at A = 1541.97 nm, as acquired by the HE. This US has
been recorded for scenario @, meaning that it has been
remotely seeded by the HE through re-use of the DS signal as
the optical US carrier. This “reflective” seeding scheme
necessitates a high optical return loss for several FPA
elements. Compared to the reflected DS signature that is
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Fig. 11. (a) Long-term BER and ROP acquisitions for the out-
door FSO link setting and (b) correlation between the fading in
recorded signal envelope and ROP.
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received at the US receiver at the HE when deliberately
blocking the FSO link, the actual US signal is strong enough
to ensure a high optical signal-to-reflection ratio (OSRR) of
OSRR, = 234 dB for US reception during bidirectional
operation of the FSO link. This high value is enabled by the
angled polish at the FPA aperture. Figure 8(b) further shows a
DS signature when omitting the angled polish and when
instead using a 61-port photonic lantern with flat end-facet.
Here, the crosstalk due to a too low OSRRy of -13.5 dB would
spoil any US reception, even under remote seeding (scenario
@) due to strong carrier-carrier beating.

C. Signal Evolution along the Bidirectional FSO Link

The evolution of the signal power along the bidirectional FSO
link is reported in Fig. 9. Shown are the L-band DS, the
optical C-band seed carrier (SC) and the resulting C-band US
for scenario @ and the C-band DS* and US* for scenario @
where wavelength re-use is employed. The signals are sourced
at the HE with 6 dBm. Measurements have been taken after
data modulation with the MZM at the scenario-specific
intensity modulation index, after subsequent power boosting
through optical amplification (OA) and the pass-through at the
FSO terminal involving the beamforming network (BFN) and
the FPA. At the HE, the signal(s) are launched with 11.9 dBm
into the FSO channel. At the TE, the delivered signal is re-
conditioned by means of OA and the DS and US lightpaths are
separated before re-modulation with the EAM. The signal
power is kept above -20 dBm at any point of the signal chain
and eventually launched with 9.4 dBm over the FSO link
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Fig. 13. (a) Turbulence-induced power spread in sounded FSO coupling and (b) resulting fading in signal envelope and DS eye
diagram. (c) BER performance under clear-air conditions and in presence of turbulence, without and with mitigation.

TABLE I1
WAVELENGTH-SET ALLOCATION TO MITIGATE TURBULENCE.
Set Antenna
element | element at TE Wavelength [nm]
1 9 1543.25
2 10 1543.73
3 16 1542.89
4 17 1536.24
5 18 1536.60
6 25 1535.89
7 26 1531.49

towards the US receiver at the HE.

V. DATA TRANSMISSION PERFORMANCE

Figure 10 presents the data transmission performance for the
in-door FSO link in terms of BER measurements. For the 10
Gb/s DS, reported in Fig. 10(a), reception sensitivities of -25.4
dBm (e) and -18.8 dBm (A) are accomplished at a BER of
101 for the C-band layout in scenarios @ and @, that employ
the EDFA+PIN receiver configuration at the TE and intensity
modulation ERs of >10 dB and 3 dB, respectively. The
average sensitivity penalty of 5.2 dB (J) over the BER curve
in the wavelength re-use scenario @ agrees well with the
expected value of 4.8 dB [22] due to the reduced eye opening
if the DS ER is reduced to 3 dB at the HE transmitter to enable
full-duplex transmission over a single wavelength. The L-band
DS of scenario @, which is detected with an APD receiver,
further benefits from the additional optical noise filtering
through the AWG right before downstream reception at the
TE. The obtained sensitivity is -28 dBm at a BER of 1070 (),
which resembles the sensitivity of the utilized APD receiver
and thus indicates that no additional degradation is incurred.
The BER performance of the 10 Gb/s US is presented in
Fig. 10(b). For remotely seeding the US transmitter with a
continuous-wave signal as intended in scenarios @ and @, a
sensitivity of -23.2 dBm (m) is accomplished at a BER of 10-1°,
A penalty of 5.3 dB (¢) is incurred at the FEC level of 107
when the DS is used as optical US carrier (A) in scenario @.
This penalty could be further reduced when adopting DS
suppression techniques suitable for symmetric data rates [22].
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Fig. 14. Refractive index structure parameter for 10-second
time intervals before and after inducing turbulent conditions.

The FSO setup has then been transferred to the roof-top
location shown in Fig. 6(b), in order to expose the link to more
realistic deployment conditions. The corresponding BER for
DS transmission in scenario @ has been continuously
acquired over 90 minutes on a sunny autumn day that is
characterized by an average solar irradiance of 49 klux and a
temperature of 13.9°C. The result of this real-time BER testing
is reported in Fig. 11(a). The vast majority of 97.3% of the
BER acquisitions were found to fall below a level of 107
However, we noticed several excursions in the acquired BER
that are accompanied by a fast fading in ROP. This is
attributed to windy weather conditions during the first part of
the measurement. Figure 11(b) shows this correlation between
the signal fading in the simultaneously monitored signal
envelope and the recorded ROP. These fluctuations are too
fast to be compensated by means of beamforming due to the
slow response in optical switching and spectral tuning of the
source laser. This inevitably results in deep fading for the
received signal unless additional means of turbulence
mitigation are employed.

VI. MITIGATION OF OPTICAL TURBULENCE

According to the FPA principle employed for free-space to
fiber coupling, optical turbulence causes a loss in coupling
since the beam is diverted to other antenna elements on a time
scale that is too fast to actively track. However, since we know
the assignments of adjacent antenna elements and given the
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spectral nature of these assignments, a set of wavelengths can
be launched to ensure that optimal coupling conditions are
maintained under the impact of turbulence, similar as it would
apply to a reception diversity scheme. This principle is
sketched in Fig. 12. As the light beam passes through
turbulent air, a lateral offset is introduced to the FSO beam.
By expanding the DS to a wavelength-set that matches the
adjacent antenna elements of the currently set element that is
expected to yield the optimal coupling conditions under clear-
air conditions, the effect of turbulence can be greatly reduced
through simple incoherent power combining of the (partially)
received wavelength-set. This recovers the drop in signal
power due to fading, given that all the wavelengths of the
launched set are modulated by the same DS signal.

The effectiveness of the proposed turbulence mitigation
scheme has been evaluated for the in-door FSO channel that
has been actively perturbed by artificially introduced
turbulence. Specifically, a heat gun set to 600°C and aimed at
the beam launch directly in front of the HE-side FPA aperture
has been used for this purpose. Figure 13(a) presents the effect
of turbulence on the information recorded through channel
sounding. We calculated the Rytov variance o, from the
fluctuations of the received optical power as described in
detail in [26, 27], taking aperture averaging into account. The
resulting o,? fulfills the conditions for moderate turbulence
(612 < 0.3). Moreover, we subsequently estimated the
refractive index structure parameter C,2, which is shown in
Fig. 14. It shows a distinct increase in turbulence once the heat
gun is activated and features an average value of 2x10°"* m??3
when inducing turbulent conditions to the free-space channel.

In presence of turbulence, the coupled power spreads from
the previously optimal channel to multiple adjacent antenna
elements. With this, the acquired 10 Gb/s DS waveform,
which is presented in Fig. 13(b), now shows strong fading and
a closed eye diagram when compared to the constant signal
envelope and open eye diagram under clear-air conditions. As
Fig. 13(c) confirms, the resulting BER under turbulence shows
a high error floor larger than 10~ (A) and thus beyond hard-
decision forward error correction (FEC) capabilities for this
single-wavelength DS launch.

We then expanded the DS launch to a wavelength-set
configured to cover the adjacent antenna elements of the
current setting to enable diversity reception. This wavelength-
set therefore covers seven wavelength channels, as presented
in Table II. The beneficial effect is directly visible from the
resulting signal envelope and the re-opening of the eye
diagram. The corresponding BER performance (®) confirms
the effectiveness of the proposed mitigation scheme through
operation well below the FEC limit. This means that 10 Gb/s
DS transmission can be again accomplished in presence of
turbulence. Despite the residual penalty of 3.4 dB (7) that is
incurred in comparison to clear-air conditions (m) and caused
by, e.g., architectural limitations such as the spacing of the
antenna elements, a large power margin of 7.2 dB remains for
the operation of the FSO link. It can be expected that the
diversity gain is maintained when the number of beamformer

elements is scaled up since the number of neighboring
elements, and thereby the size of the wavelength set, remains
constant.

VII. CONCLUSION

We have demonstrated a bidirectional point-to-point FSO link
for full-duplex 10 Gb/s transmission employing FPA
beamformers with 91 antenna elements for optimization of the
Fi-Wi-Fi coupling between two single-mode fiber ports and
simultaneous channel sounding. The reflective design of the
terrestrial FSO bridge simplifies the tail-end terminal by
providing a source-less design and centralized control.
Various spectral configurations have been evaluated for
accomplishing full-duplex 10 Gb/s transmission and
continuous link quality estimation at the same time. On top of
this, the flexibility of the wavelength-routed FPA architecture
has been exploited for the purpose of turbulence mitigation,
which has been successful demonstrated by means of diversity
reception as it results from a simple expansion of single-
wavelength data transmission to an incoherently combined
wavelength-set.
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