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1. Introduction

The continuous growth of the number of smartphones, wearables, tablets or internet of things devices,
and the emerging of new multimedia services, such as cloud access, 4K/8K high definition video,
augmented virtual reality, online gaming or social networking, exceeds the capabilities of the current
mobile network. As expected [1], there will be 5.3 billion total internet users (66% of the global
population) by the end of 2023, the number of mobile devices will increase up to 13.1 billion and 1.4
billion of these will be 5G. Moreover, the evolution of the legacy mobile communication networks up
to 5G and beyond will enable downlink experience user over 1Gb/s, 30 bps/Hz spectral efficiency,
latency lower than 1 ms, connection density of 1,000,000 device/km? and high efficient power
consumption [2].

Due to the congestion of lower microwave bands employed in conventional cellular services, a number
of emerging technologies will be required to provide technical solutions for wireless communications,
namely free space optics (FSO) and visible light communications (VLC). This deliverable aims to present
the recent advances in transceiver solutions proposed for such systems by several collaborations
between research groups from different partners in COST action CA19111 NEWFOCUS.

2. State of the art

2.1. MIMO FSO systems

In FSO systems, link availability becomes a major issue due to its peculiar characteristic of being
susceptible to atmospheric conditions [3]. Fog and turbulence contribute the most to the degradation
in the link performance by way of both amplitude (power) and phase fluctuation of the optical
wavefront while propagating through the free space channel. To address the weather impact on the
FSO link performance and ensure link availability at all times, techniques such as hybrid RF/FSO,
multiple input multiple output (MIMO) FSO with spatial diversity (SD), and relayed FSO systems have
been proposed in the literature [3]. Amongst the proposed solutions, SD techniques has been proven
to perform better compared to the single FSO link in terms of bit error rate (BER) performance to
mitigate the degradation due to the fog condition [4].

A comparative study of single input single output (SISO) and MIMO FSO systems under different
weather conditions has been reported in the literature showing that MIMO outperforms SISO in terms
of the received power level and BER in [4], [5], and [6]. Aside from MIMO and SD techniques, adaptive
modulation and low-density parity-check coding for the SISO FSO system were proposed in [7] showing
tolerance to a deep fade of the order of 30 dB and above under strong turbulence. A novel adaptive
transmission algorithm for the optimization of both power usage and spectral efficiency for the
satellite to ground communications with 10 dB of power-saving was proposed in [8]. In [4], a
comparative analysis of a MIMO FSO link with adaptive switching to ensure link availability and SISO
FSO under fog and turbulence conditions together with the investigation of the optimal threshold in
terms of bit error rate (BER) in a GNU Radio platform was reported. The analysis of adaptive
modulation FSO system with multi aperture using signal to noise ratio (SNR) threshold for dynamic
adaptation of the modulation scheme was also reported in [9].

This document is based upon work from COST Action NEWFOCUS,
supported by COST (European Cooperation in Science and Technology)




— * A
= ) R Funded by .
7 ri LU the European Union :
NELUFOCUS

While there is a large body of literature on theoretical and simulation-based analysis on the
optimization of FSO systems using adaptive algorithms, very little has been reported on the practical
implementation of such systems. Most reported works in the literature are purely based on hardware
solutions involving the use of traditional optical sources, photodetectors (PDs), and integrated circuit
boards, which limit cross functionality and can only be modified through physical intervention. Even
though there is a reconfigurable hardware solution involving the use of field programmable gate arrays
(FPGAs) or digital signal processing (DSP) boards, it requires highly skilled and specialized personnel
[10], [11]. It is worth mentioning that software defined radio (SDR)-based platforms have been known
to provide flexibility and reconfigurability in practical implementation and evaluation of adaptive
techniques in MIMO FSO systems. Additionally, SDR, which is designed to remove hardware
limitations, offer many advantages including (i) implementation of signal processing through the
physical and medium access control layers [12]; (ii) software-configurability and control; (iii) improved
system performance with the efficient and flexible use of the RF spectrum for new services to the end
users; (iv) a reduced system size and minimization of the design risk and time-to-market; and (v)
flexibility in research and development due to the implementation and verification of a range of newly
developed protocols [13]. The experimental implementation of SDR based RF systems utilizing
universal software radio peripheral (USRP) were reported in [14], [15] and, [16]. Highly flexible and
powerful SDR platforms to accommodate 5G wireless networks have been reported in the literature
[17] for the virtualization of SDR and SDN.

Although the SDR implementation of RF systems is rather common and well-established, in OWC, we
have also found some work on system implementation using various available software defined
platforms including MATLAB, LabVIEW, GNU Radio, etc. for DSP and controlling the hardware.
Experimental demonstration of a bi -directional visible light communication (VLC) system with adaptive
modulation based on the noise, interference, and environmental impacts was proposed and
investigated [18]. In [10], experimental evaluation and performance analysis of a VLC system were
carried out using USRPs and LABVIEW software for audio streaming over a 1 m linkspan. Adaptive VLC
system with adaptive software defined equalization techniques such as least mean squares,
normalized least mean squares, and QR decomposition-based RLS (QR-RLS) were analyzed in [19]. In
[20], a commercially available OWC test kit (for both visible and infrared (IR) bands) with an SDR
platform (i.e., compatible with LimeSDR USB and GNU Radio) for use in indoor, outdoor and
underwater communication applications with a transmission range over 20 m have been reported.
Design and demonstration of the IR optical front end with a bandwidth of 10 MHz with USRPs was
reported in [21], which was validated by the transmission of an audio signal. In [22], the advantages of
implementing FSO systems based on SDR under different weather conditions to increase the link
availability and reliability were investigated. The reported works in the literature mainly utilized the
LabVIEW software as the SDR ecosystem for control, test, and deployment of the system in real-time.
Alternatively, GNU Radio, which is a free and open-source software development toolkit, supports the
real time emulation to control and deploy the hardware using the time domain graphical user interface
(GUI) [23]. We have reported the performance analysis of SDR based MIMO and SISO FSO systems
under different fog and turbulence conditions with adaptive switching in GNU Radio in [4].

2.2. VLC OCC systems
Optical Camera Communications (OCC) is a growing sub-field of VLC that aims to provide low-

speed downlinks from LED-based transmitters to cameras [24] [25]. VLC systems re-utilize the
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existing illumination infrastructure to transmit data through modulated light signals, and, in
turn, OCC systems leverage the widely-available camera equipment to implement receivers.
The camera acquires the transmitted signal by capturing video and decoding it with image
processing software. Most OCC systems in literature can be divided into two main categories:
those that use the rolling shutter (RS) effect of cameras, in which each row (or column) of
pixels is exposed sequentially, or those that use global shutter (GS), where all pixels are
exposed simultaneously. For photographic purposes, RS detriments the picture quality,
especially in high-movement scenarios. Nevertheless, this is the most popular type of camera
in electronics nowadays since sequential scanning allows the reuse of whole blocks of
circuitry, making RS-based cameras less costly. Furthermore, for communication purposes,
the RS acquisition allows capturing different states of the VLC transmitter in one single image
frame, allowing it to multiply the achievable data rate, which in turn, in GS, is upper bounded
by the frame rate of the camera in fps. Different processing techniques have been developed
depending on the nature of the camera, whether it uses GS or RS image sensor. However, it is
worth mentioning that the GS processing approach can be applied when using RS hardware.
The RS-based OCC is one of the most popular techniques due to its higher data rate of several
kbps compared to tens of bps in GS.

Various applications of VLC and especially OCC have been extensively developed for indoor
environments, where existing lighting infrastructure and moderated background light, paired
with short link distances, make communication feasible, yet, for the outdoors, photodiode-
based VLC systems fail because of high-intensity background light coming from the sun and
other surfaces reflecting it. On the other hand, the image-forming optics of cameras allow the
segregation of the light coming from VLC transmitters efficiently, making OCC an obvious
candidate for long-range outdoor systems. Moreover, several millions of photosensitive pixels
form the camera's image sensor, allowing it to receive information from multiple sources
simultaneously. Long-range outdoor OCC can be used for applications such as vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I) communication and for wireless sensor
networks, making use of the growing deployment of car dashcams and the ever-increasing
number of surveillance cameras. The image-forming optics of cameras allow the segregation
of the light coming from VLC transmitters efficiently, making OCC an obvious candidate for
long-range outdoor systems. Moreover, several millions of photosensitive pixels form the
camera's image sensor, allowing it to receive information from multiple sources
simultaneously. Long-range outdoor OCC can be used for applications such as vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I) communication and for wireless sensor
networks, making use of the growing deployment of car dashcams and the ever-increasing
number of surveillance cameras. In long-range scenarios, the RS systems mentioned above
are bound to use extensive light sources at the transmitter pair with large optics at the
receiver, i.e., several hundred millimeters lenses to capture as many rows of pixels as possible.
However, the physical size of RS Tx and Rx in long distances is impractical because it leads to
a reduced field of view, with a significant portion of the image dedicated to communication
and no support for re-utilizing existing camera hardware. In turn, sub-pixel systems have been
developed in [26-28] using GS demodulation techniques, small Tx and Rx optical front-ends,
and achieved link distances above a hundred meters. The term sub-pixel stands for the case
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when the geometrical projection of the Tx over the image sensor is under the area of a single
pixel.

2.3. Millimeter wave signals over FSO

With the incredible growth of the number of consumer wireless devices in use, the 5G incorporates
the millimeter wave (mmW) frequencies bands (30 to 300 GHz), as a main enabling technology, that
will assist in achieving the high data rate and increased available bandwidth of cellular systems [29,
30]. The lower-frequency spectrum adjacent to 4G bands would provide an easier transition to 5G due
to component maturity and the nature of the signal propagation characteristics. However, it is not a
viable option mainly due two reasons. First, the sub-6 GHz spectrum has already been very crowded,
filled with distributed bands dedicated to cellular communications, satellite and aerial
communications, and wireless local area networks (WLANSs). Secondly, mmW frequencies exhibits an
enormous available frequency spectrum.

The latest mobile standard, 5G NR, supports sub-6 GHz frequency range 1 (FR) [31] and mmW
frequencies bands between 24.25 and 52.6 GHz (FR2) [32]. According to [32], Table 2.3.1 specifies FR2
frequency bands and the channel bandwidths of the 5G NR standard. Many countries have released a
number of mmWave bands for 5G NR communications in the K-band (European countries or China),
Ka-band (European countries, USA or Japan) and V-band (European countries, USA or China).

Table 2.3.1. NR operating bands in FR2.

Band Frequencies (GHz) Common name Bandwidth (MHz)

n257 26.50 - 29.50 Ka-band
n258 24.25-27.50 K-band
n259 39.50 - 43.50 V-band
50 - 400
n260 37.00 - 40.00 Ka-band
n261 27.50-28.35 Ka-band
n262 47.20-48.20 V-band

Besides its huge available bandwidth, i.e. 270 GHz, mmW bands have several benefits compared with
the existing wireless technologies [29,30,33]. Owing to short wavelengths, the component size can be
reduced which enables large antenna arrays with small physical dimension. With the same antenna
size, more antenna elements can be packed at mmW frequencies than at microwave bands and, then,
the formed beam can be narrower which may be employed in other applications like radar detection.
Furthermore, mmW signals enable to work with small-cell networks and frequency re-use is allowed
due to low interferences, i.e. short wavelength and highly directional beams; and propagation
characteristics, i.e. short range. Finally, there is still unlicensed mmW spectrum (Release 17, 5G NR-
U)[34], i.e. 57 to 71 GHz, for various communication applications, e.g. Industry 4.0 and internal
information technology infrastructure [35].

However, mmW signals present several challenges in terms of electronic circuit design and
propagation [33]. On the one hand, mmW signals are susceptible to non-linear distortion produced by
electrical amplifiers due to hardware manufacturing imperfections. Besides, phase noise is another
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huge challenge in the design of electronic components, which degrades severely the signal and poses
great dare to mmW communications due to high oscillation frequency. On the other hand, the physical
obstacles in real applications will weaken the mmW signals reducing the transmission range since its
poor diffraction. Moreover, in terms of attenuation, mmW signals are affected by atmospheric gases,
free space losses and weather fading.

From the network perspective, existing optical fibers and also free space optics (FSO) links allow to
provide fixed/mobile convergence with sufficient bandwidth to deliver high-speed services over long
distances with low cost, high reliability and low latency [36].

Therefore, in cloud-radio access network (C-RAN) networks, the availability and costs of the optical
infrastructure become critical, especially in the small-cell environment [37]. As it is well known, the C-
RAN architecture hosts the baseband units (BBUs) at the central office (CO) separated from the remote
radio heads (RRH). This is enabled by optical fronthaul network connecting the RRHs with the
centralized BBU pool. A backhaul segment is also defined between the BBUs and the gateway interface
to the transport network. Therefore, RRHs are simplified since medium access control (MAC) layer
functions, digital-to-analog and analog-to-digital conversion (DAC/ADC), radio frequency (RF)
frontends and baseband processing are held in the BBUs located at the CO [37]. The BBU pool in this
scenario includes an array of directly modulated lasers (DMLs) emitting at different wavelengths which
are multiplexed for downlink transmission [38]. At the hotspot site, after channel demultiplexing, the
optical receiver in each RRH performs the opto-electronic conversion and further amplification. C-RAN
also supports open platform and real-time virtualization technologies to provide dynamic shared
resource allocation in the BBU pool, in addition to multi-vendor and native support to collaborative
multipoint (CoMP) radio technologies due to the very low latency between BBUs hosted at the same
pool. Broad coverage can be provided due to a large number of remote RRHs connected to a
centralized BBU pool with a span fiber link, typically up to 10 km for 5G or 20 km for 4G (LTE/LTE-A)
[39].

A solution for the use of digital fiber optic interfaces in the 5G fronthaul network based on enhanced
common public radio interface (eCPRI) has been recently proposed [40], although more complex RRHs
and high bandwidth connections are required regardless of the architectural choice used for splitting
the protocol functions [41,42]. However, analog-radio-over-fiber (A-RoF) solutions are very promising
for cost-efficient, low latency and large bandwidth links [43]. In the RoF scheme, mmW signals can be
transmitted either using RF or an intermediate frequency (IF) over optical fiber. In the former one, the
CO directly transmits the mmW signal, modulated into the optical domain, over fiber fronthaul
network to the RRH without the need for frequency up-conversion at the RRH side. However, high
speed photodetectors and optical transmitters are required and, moreover, fiber chromatic dispersion
has a significant impact on the link performance for high frequencies. On the contrary, the latter
technique allows transportation of multiple aggregated IF modulated bands e.g., in low speed DMLs,
and the up-conversion is held at the RRH just before wireless transmission. The use of lower speed
optoelectronic devices and reduced impact of fiber chromatic dispersion are the main advantages
compared to a classic RoF approach, although the complexity and costs of RRHs are increased with the
need for mmW local oscillator and high speed mixers. However, mmW local oscillator delivery at the
RRH has been demonstrated in the literature [44,45] in order to provide flexibility in such systems and
multiple IF bands employing OFDM formats have been transmitted up to several Gb/s bitrate [46].

However, in a centralized architecture, mmW signal generation based on photonics [47,48] may be
located at the BBU in the CO as part of the shared hardware infrastructure although other schemes
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can be adopted to mitigate signal degradation for certain signals and network conditions since IF signal
would be transmitted over fiber and the photonic up-conversion would be held before photodetection.

Optical transceivers based on direct and external modulation have been presented in the previous
literature. External data modulation presents some benefits due to the use of large bandwidth dual
drive Mach-Zehnder modulators (MZM) with zero chirp to reduce the impact of fiber dispersion.
Although the operating bias point of MZM undergoes voltage drift and insertion losses should be
compensated by an EDFA or increasing the laser optical power, intensive research has been recently
conducted towards improving the maximum bitrate that can be achieved [49]. Moreover, external
modulators are expensive, besides polarization independence, good linearity and smaller size
characteristics which are also required. DMLs are potentially more suitable than externally modulated
transmitters for 5G networks. Previous works have successfully demonstrated the use of DMLs for
signal transmission, e.g. a 112 Gbit/s dual-polarization 16-QAM signal using a 35 GHz DML [50] or 28-
Gbaud PAM-4 and 56-Gbit/s non-return-to-zero (NRZ) signals employing a 30 GHz DML at 1310 nm
[51].

3. Recent achievements in outdoor transceivers
3.1. Transceivers for FSO

Two atmospheric transmission windows at the mid-wave IR (MWIR, 3-5 um, 60-100 THz) and the long-
wave IR (LWIR, 8-12 um, 25-37 THz) in the mid-infrared (MIR) region (wavelength range of 3-50 um)
contain a rich potential for FSO technologies and communication purposes, yet to be exploited.
Compared with the MMW and sub-THz bands being heavily studied and discussed for 6G wireless
communications, the MWIR and LWIR have almost two orders of magnitude lower atmospheric
propagation attenuation with a tenfold broader fully unlicensed bandwidth [52]. On the other hand,
compared with the 1.5-um telecom band in the short-wave IR (SWIR, 1-2.5 um), where most
commercial FSO communications are developed, the MWIR and LWIR have much higher resilience
against adverse weather, e.g., much lower sensitivity to particle scattering atmospheric turbulence
effects [53]. Moreover, the mid-IR region shows a lower risk for eye safety [54]. An often-adopted
approach to carrying out mid-IR FSO system demonstrations is using wavelength conversions.
However, the high-power consumption associated with the nonlinear wavelength conversion in such
methods leads to energy deficiency and hardware complexity, obstructing practical development. A
more attractive choice in the long-term would be direct-emission semiconductor lasers and
photodetectors. Quantum cascade devices, including quantum cascade lasers (QCLs), are based on
inter-subband transitions to cover a wide spectral range from the MIR to THz. They appear as promising
candidates due to their breakthroughs in a broad bandwidth, high-temperature operation, and low
energy consumption. For transceiver technologies, with the assist of QCLs, both direct modulation and
external modulation schemes can be adopted.

For direct modulation, owing to the high linearity and high bandwidth characteristics of directly-
modulated QCL (DM-QCL), one can use a digital-to-analog converter (DAC) to generate and modulate
multi-level signals on the laser bias current.

For external modulation, one can place an external quantum Stark-effect modulator after an high-

power continuous wave QCL. The modulator can also be driven by multi-level signals from the DAC.
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For detection, three types of detectors with respective merits can be considered, namely, Mercury-
Cadmium-Telluride (MCT) photovoltaic detectors, quantum cascade detectors (QCD) and quantum-
well infrared detectors (QWIP). MCT detectors are often thermoelectric-cooled to ~200 Kelvin to
ensure a satisfactory noise performance. Moreover, the bandwidth of MCT detectors is also often
limited to sub-GHz or GHz scale. QCDs can operate at room temperature without any bias or active
cooling, and the bandwidth of QCDs are also normally higher than MCT, in the scale of ~10 GHz.
However, one limitation of QCD is its responsivity, normally requiring high incident power with
accurate focus and small spot size, which impose high requirements on collimation and focusing of the
lenses. Finally, QWIPs are normally operated with a bias voltage. It can also work at room temperature
without cooling or temperature control. Moreover, up to 70 GHz bandwidth QWIP has been
demonstrated and reported recently, making it a promising candidate for practical applications.
However, one critical drawback of QWIP is its high noise level, often hindering the transmission of
multilevel signals.
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Figure 3.1.1. Experimental setup of MWIR DM-QCL- and MCT detector-based FSO transceiver
characterization.

A few lately demonstrated MIR FSO systems in both MWIR and LWIR bands have been reported. QCLs
are employed for directly modulation and Stark-effect modulator is employed for external modulation.
The purpose of these system-level studies is to evaluate the large-signal charactersitics of the
MWIR/LWIR transceivers. As shown in Fig. 3.1.1, The first demonstration employed a fabricated MWIR
QCL chip [55], which a distributed feedback (DFB) laser module with a center wavelength of 4.65-um.
The laser chip and the bias tee are mounted on a commercial QCL mount (ILX Lightwave LDM-4872)
with a Peltier temperature controller (TEC) and a water-cooled base. A beam collimating lens installed
at the QCL mount is used to collimate the high-divergence optical beam emitted from the QCL chip.
The highly directive mid-IR signal is transmitted over a 0.5-m distance, which is chosen due to the
tabletop space constraint and local laser safety regulations. At the receiver, we firstly calibrate the
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received signal power with an IR power meter. Later, we replace the IR power meter with a commercial
MCT detector for the transmission measurements. The picture of the IR power meter and the MCT PD
are shown in Fig. 3.1.1 (i). The PD is mounted in a thermo-electrically cooled module and has a built-
in trans-impedance amplifier (TIA). The 3-dB bandwidth of the MCT PD as per the manufacture’s
specification is around 720 MHz. The received signal is converted to digital samples at a realtime digital
storage oscilloscope (DSO) operating at 10 GSa/s. We collect the converted digital traces at the lab
computer and perform a receiver-side (Rx) DSP routine offline to recover the transmitted data. The Rx
DSP consists of a matched filter, timing recovery, a symbol-spaced adaptive decision-feedback
equalizer (DFE), and symbol demodulation. In the end, the recovered data sequence is compared with
the transmitted data for bit error rate (BER) computation. Each received signal trace consists of 520k
symbols for BER calculation. We first characterize the power and frequency response of the combined
QCL and MCT MIR PD subsystem. The measured P-I curve of the QCL is shown in Figure 3.1.2 (a). The
QCL under CW operation has a lasing threshold of 178 mA at a temperature of 292 K (19 °C). To prevent
potential damage to the QCL chip from overdriving, we measured with a laser bias current of up to 255
mA, at which the QCL has an output power of 32.7 mW. Since no sign of output saturation is observed
at this power level, we keep the laser operating at this bias point during all transmission
measurements. We also perform power calibration measurement of the receiver. The calibration
result is shown in Figure 3.1.2 (b). Finally, we use a vector network analyzer (VNA) to characterize the
end-to-end frequency response of the system from the QCL input to the MCT PD output. During the
measurements, we observe that the system bandwidth is correlated with the laser power, and
increasing the power beyond an optimal value causes a decrease in bandwidth. Such a bandwidth-
power correlation may be attributed to the known fact that the QCL modulation bandwidth often
varies with the laser bias or further partly due to the detector saturation. In our configuration, the
optimal received optical power (ROP) is found to be 10 mW, corresponding to a detector PV of 1.3 V.
Figure 3.1.2 (c) shows the characterized system bandwidth at the optimum received power level. The
end-to-end 3-dB bandwidth is found to be around 320 MHz, and 6-dB bandwidth is around 450 MHz.
The current system bandwidth is most likely limited by the MCT MIR PD and the electrical parasitic in
the laser mount.
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Figure 3.1.2. (a) The output power of the QCL under CW operation as a function of driving current; (b)
The MCT IR PD PV as a function of the received optical power (ROP); (c) End-to-end S21 characteristics
measured at optimum received optical power level.

Finally, large signal analyses were performed with both binary signal, i.e., non-return-to zero (NRZ) and
multi-level signals, i.e., pulse amplitude modulation (PAM). The maximum data rate achieved below
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the 6.7%-overhead (OH) staircase hard-decision (HD)-forward error correction code (FEC) limit of 4.5E-
3 is 6 Gbps with PAM-8. The eye diagrams of different transmitted signals are shown in Fig. 3.1.3.

3Gbaud NRZ 4Gbaud NRZ 2Gbaud PAM4 2.5Gbaud PAM4 1.5Gbaud PAM8 2Gbaud PAM8

Figure 3.1.3. Selected eye diagrams of the received signal after the MWIR DM-QCL and MCT-based
FSO link.

Then we use a similar testbed and study a LWIR DM-QCL-based transmitter and a QCD-based receiver
[56]. The DM-QCL used in our experiment is a 3-mm DFB ridge laser fabricated epi-down. In this way,
the laser chip can be operated at room temperature with the help of a Peltier thermoelectric controller
(TEC). The laser chip was soldered on a sub-mount and then wire bonded to a high-frequency coplanar
waveguide. Fig. 3.1.4 (a) shows the picture of the QCL mount and the zoomed view of the DFB-QCL
chip. The output of the DM-QCL is a continuous wave centered at a wavelength of 9.6 pm with a few
tens of milliwatts of output power. The device has a cut-off modulation frequency of around 3 GHz,
beyond which the frequency response drops drastically. In our transmission system experiment, we
use a Peltier TEC to stabilize the DM-QCL operation temperature at three different points, i.e., 10°C,
5°C, and 0°C. Fig. 3.1.4. (b) shows the characterized L-I-V curve of the laser at the selected operating
temperature values. One can observe that the DM QCL starts lasing around 560 mA injection current
at all investigated temperatures and saturates at around 675 mA.
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Figure 3.1.4. (a) The PCB hosting the 9.6-um DFB-QCL chip that is wire bonded to a coplanar
waveguide delivering the bias and RF modulation signals. (b) The measured L-I-V curves of the QCL at
operation temperature of 0°C, 5°C and 10°C, respectively.

The LWIR FSO receiver for this experiment is a fully passive GaAs/AlGaAs QCD without any bias or
cooling, operating in a room-temperature environment (no air conditioning, temperature drifting
between 25°C and 30°C). Figure 3.1.5 shows the picture and the characteristics of the employed QCD.
The detector was fabricated into a 55%55 pum? square mesa structure where the top contact is realized
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with an air bridge. Such a mesa structure is used to operate at high frequencies, compared with
traditional mesa structures with larger sizes and long wire bonds usually used for static / low-frequency
measurements. The air bridge is continued by a coplanar waveguide on the GaAs substrate, which is
then connected through short wire bonds to a printed circuit board (PCB) coplanar waveguide
equipped with a 2.92-mm connector. The QCD is based on a diagonal transition with a 45° polished
facet that satisfies the polarization requirements for optical transitions. This unipolar detector
conducts in the photovoltaic regime; yet has s a very wideband frequency range with a first-order roll-
off. This behavior is due to the fast energy relaxation of the electrons as the only charge carriers. Also,
the asymmetry of the cascade region that acts as a pseudo-electric lead to a photocurrent. The cascade
region is designed in such a way that the electron relaxation lifetime from one period to the adjacent
one is estimated to be shorter than 10 ps. In practice, the bandwidth is often limited by electrical
parasitic capacitance in the mesa structure, packaging, and driving circuit. For this particular device,
the cut-off frequency is around 6 GHz due to both the RF packaging and the impedance mismatch.
Figure 3.1.5 (a) shows a picture of the QCD mount where the detector chip is wire-bonded to the
coplanar waveguide. Figure 3.1.5 (b) shows the photocurrent characterization of the QCD at room
temperature. The peak responsivity is measured at 141.6 meV photon energy, corresponding to 8.75
um of wavelength. While at 9.6 um, the detector responsivity performance drops to approximately
45%. Therefore, we can expect improved efficiency with a lightly shorter laser wavelength approaching
the peak. As shown in Figure 3.1.5(c), the photocurrent of the QCD has a linear relation with the
injected optical power up to 50 mW with a responsivity of 4.5 mA/W at 9 pm at room temperature. In
our transmission experiment, the highest optical power measured on the detector was 30.5 mW within
the linear region.
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Figure 3.1.5. (a) The picture of the hosting PCB for the QCD chip. (b) The measured photocurrent
spectrum of the QCD at room temperature as a function of both the photon energy and the
corresponding wavelength. (c) The measured photocurrent of the uncooled QCD as a function of
incident CW optical power.

Finally, large signal analyses were performed with both NRZ and PAM4. Maximum achieved data rate
is 11 Gb/s with PAM4. The BER curves and selected eye diagrams at different bias point are shown in
Figure 3.1.6. the trade-off between the signal SNR and modulation linearity can be clearly observed by
looking at the eye diagrams, particularly in the case of PAM4. A higher coding-gain FEC configuration,
20%-0OH HD-FEC, may be used for further data rate enhancement, but it is considered an unfavored
option due to its increased latency and complexity.
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Figure 3.1.6. (a) BER as a function of the laser bias current for NRZ-OOK signal at 8 Gbaud and PAM4
signal at 5.5 Gbaud (11 Gb/s) and 6 Gbaud (12 Gb/s); (b) Selected eye diagrams for both the 5.5 Gbaud
PAMA4 and the 8 Gbaud NRZ-OOK signals measured at different laser bias points.

A latest demonstration was based on an external Stark-effect modulator [57]. In this demonstration,
the free-space optical communication system is exclusively made of unipolar quantum optoelectronic
devices. A commercial continuous-wave distributed feedback QCL is connected to a DC current source
and Peltier-cooled to be operated at room-temperature (20°C). It emits 80mW at 8.6 um wavelength,
which is free-space coupled into a quantum Stark effect modulator. The external modulator is a 50
umx50 um mesa with 8GHz of 3 dB-bandwidth, designed to operate at 9 um. It can be tuned by
applying a DC voltage bias (energy tuning coefficient around 5meV - V!). However, a too high offset
would reduce the modulation depth as it would impose a lower RF power into the device to avoid field
breakdown. The output from the modulator is collimated and transmitted over a free-space link of
around 70 cm. A quantum cascade detector (QCD) operating at room-temperature is placed at the end
of the link as the MIR receiver. The incident beam to the QCD is carefully aligned so the output
photocurrent is maximized during the measurements. The experimental configuration is shown in
Figure 3.1.7.

Transmission DC Reception
Voltage "
PRBS-15 BER Counting
Oscilloscope
Symbol mapper Demodulation
plifier
Pulse shapping Amplified
Resampling Timing Rec.
| ]
Pre-emphasis ] Matched filter

Laser Modulator QCD

Figure 3.1.7. Schematic of the data transmission setup. A MIR quantum cascade laser emits light to an
external modulator connected to a DC voltage drive and an AWG. The modulated beam is collected by
a quantum cascade detector. The signal is preprocessed before being sent to the AWG and post-
processed before being analyzed with a high-speed oscilloscope.

The results of system end-to-end S21 response and the large-signal transmission analyses are shown
in Fig. 3.1.8. As shown in the figure, the system has a 3 dB-cutoff frequency of 2GHz. The frequency
response is flat before experiencing a mild decrease (first-order roll off) with a 10 dB cutoff at 7GHz.
Such a response is a specific characteristic of the intra band devices, while conventional interband
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telecom devices display relaxation oscillations, generating a resonance before a second order roll off.
As a consequence, for intra-band devices the maximum achievable bitrate is enhanced compared to
semiconductor laser diodes with the same cutoff frequency. Figure. 3.1.8 (b) shows the measured BER
curves at three different bit rates after a 3-tap feedforward equalizer (FFE). The maximum achieved
bit rate in this setup is 12 Gb/s. It is noted that multilevel signal formats such as PAM4 cannot achieve
the same bitrate due to the limited SNR.

(@ (b)
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v |
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Figure 3.1.8. (a) Bandwidth characterization of the full system (AWG, modulator, detector, oscilloscope
and all other electronic components). The system presents a mild frequency rolloff with a 3 dB
bandwidth of 2 GHz and a 10 dB cutoff at 7 GHz. (b) BER curves for different bit rate with 3-tap FFE.

In summary, semiconductor-based solid state FSO transceivers have been underexploited in the
MWIR and the LWIR region. Recent demonstrations show that the uni-polar quantum devices,
including directly modulated QCLs, external Stark-effect modulators, and QCDs, have
progressed fast to a maturity level for system transmissions supporting over 10 Gb/s. One can
confidently extrapolate such a progress and predict over 100 Gb/s fiber-optic matching speed
in upcoming years.

3.2. Transceivers for MIMO FSO

Our work adopted GNU Radio which is an open source software development ecosystem that provides
digital signal processing blocks to implement the OWC and RF systems to demonstrate the MIMO FSO
link availability under varying atmospheric conditions. We outlined the design and implementation of
out of tree (OOT) modules/signal processing blocks integrated into GNU Radio. Then we analyze the
performance of a MIMO intensity modulation-direct detection FSO system with the adaptive switching
using GNU Radio under various atmospheric conditions for real-time data transmission. The proposed
system with OOT modules facilitates the implementation of N number of Txs and Rxs. In this work, 4x2
MIMO FSO system is considered as a proof of concept, see Fig. 3.2.1. The design employs two sets of
Txs and Rxs for parallel transmission of two different signals to improve link reliability.

A dedicated switching algorithm is proposed to turn on the Tx(s) based on the channel conditions. Each
Tx and Rx can operate independently or in a unified cluster. Fog and turbulenceinduced attenuation
and geometric losses are taken into account when determining the link's reliability. Under normal
weather conditions, Tx-Al and Tx-B transmit two independent data streams. In fog or turbulence,
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however, additional Txs (Tx-A2 and Tx-B2) can be used if the following conditions, i.e., Latm (input) =
Latm (Thres) OF o,z(input) > a,z(ThreS) are met. This is to ensure that the link's availability is maintained
to the maximum extent possible at the expense of increased transmit power Pr. On the Rx side, the
received optical beams are focused by optical collimators onto two optical Rxs (Rx-A and Rx-B), which
are composed of PD and trans-impedance amplifiers. The electrical signal that has been regenerated
is then applied to moving average filters, samplers, and threshold detectors (slicers) to recover
the estimated sequence of the transmitted data stream. The BERT is then employed to determine the
real-time BER by comparing the received and transmitted data streams. Note that (i) the used
parameters and link characteristics in terms of the channel loss (V, 67, and C2) are monitored using
SDR/GNU Radio, and (ii) the extracted link characteristics and the received OOK signal are generated
in the GNU Radio software domain. In this research, it is assumed that the signals transmitted and
received are uncorrelated [58]. Based on the numerical evaluation of Ly, for a given V and L, the link
status is studied and a set of Txs to be used is carried out. Note, 012 and C? are predicted to reach a
forward error correction (FEC) BER of 3.8 x 1073, the upper limit.
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Fig. 3.2.1. Schematic system block diagram of MIMO FSO system with adaptive switching algorithm in
software defined GNURadio ecosystem.

In this simulation, single FSO, MIMO FSO, and proposed MIMO FSO links with a range of 100, 200, and
300 m under turbulence and fog conditions are considered. The information on CSl (i.e., 67 and Lt )
is already available at the Tx unit or provided via a feedback path. To investigate the performance of
the software defined adaptive switching MIMO FSO system, the SDR-based Tx, Rx, and channel have
been implemented in GNURadio, along with a general-purpose processor-based real-time signal
processing framework. The GNURadio is also capable of functioning as a simulation environment
without the need for actual hardware. Note that GNURadio applications are typically written in Python
as a package and combined with DSP blocks integrated within GNU Radio and implemented in C++ to
perform crucial signal processing tasks [59]. Fig. 3.2.2 depicts the implementation of the MIMO FSO
system in the GNU Radio domain, which consists of a Tx, a channel, and an Rx. At the Tx, a sequence
of pseudo-random binary data in the OOK format is applied to the throttle module, which is used to
prevent CPU congestion following real-time simulation. Throttles outputs are applied to (i) virtual sink
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modules and (i/) MIMO-Tx modules which output is applied to virtual sink modules. In addition, the
MIMO- Tx is provided with the outputs of the virtual sources, which represent feedback data on
atmospheric 10ss Latm (input) in dB and a,z(input) of the channel. Since GNU Radio provides a graphical
user interface (GUI) to generate and configure signal processing flow graphs, sample time waveforms
were generated at the outputs of the MIMO-Tx (links A and B) and the optical Rx as shown in Fig
3.3.3(a-f). Figure 3.2.3(a-c) depict the received signal under a clear channel, where only a single Tx
(TxA1 and TxB1) is active at any time given. Additional Txs are activated to ensure link availability based
on the channel condition, provided Latm = Latm (Thres) Of 0.3 and o> O-IZ(Thres) of 0.02, thus meeting
the FEC BER limits of 3.8 x107. Fig. 3.2.3 (d-e) depict the simulated time waveforms in this instance.
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Figure 3.2.2. System implementation for (a) Tx with fog and turbulence, (b) channel with the additive
white gaussian noise, and (c) the Rx with real-time BER estimation in GNURadio.
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Figure 3.2.3. OOK waveforms at the: (a) Tx-Link A, (b) Tx-Link B, (c) optical Rx for a clear channel,
and (d) Tx- Link A, (e) Tx-Link B, and (f) optical Rx for an un-clear channel.

T, L L A o s s | T e e e T T e
—=-—=- Single FSO  [3 —==-= Single FSO 3
-------- Proposed FSO |2 +sseee Proposed FSO | §
———MIMOFSO_ | ———MIMO FSO | ]
FEC Limit = 3.8 x 10~ b FEC Limit =3.8 x 107 ;
Before switching E cind E
107 E i (Single Tx) : i - Before switching
g :After fwl c%l.mg ; : E After s.witching-:: ’\\ (Single Tx) :
I~ E(Multlp_lle 1{{);.\.. . 3 ) (Multiple Txs) : N 3
10t i it 3 i E
E ™~ E H o, 3
L e, ] i a E
E e 3 in M, E
E i g E Ry i, 3
10 i B o e 3 P B B 4
F RRSRCT E—— =S
E i E E f g
F ' 1=100 m E ' = 3
T S S R R RS oF Ly 1=200m]
10 Y (] S ———
5 10 15 20 0 5 10 15 20
Visibility (km) Visibility (km)
(a) (b)
10° e
foc : —=-== Single FSO
E Ne———. fed L Proposed FSO
S \ ! ———MIMO FSO
107 F s
Frocoiioosioenb oo oes e e RS U
L h FEC Limit=3.8x 10" ]
3 i, E
10t &\, Before switching =
E i % Single Tx E
E E After switching 1 "*.\ (Sing ) E
-, E
3 T \ %,
05k (Multiple Txs) | .\\ -
E S 3
3 i E
E o, E
108 e
: =
5 E|
10.10 E I S R R S S | I | ]
0 5 10 15 20

(c)

Visibility (km)

Fig. 3.2.4. BER vs. the visibility for single, MIMO and proposed FSO with adaptive switching links
for: (a) 100, (b) 200, and (c) 300 m with fog.
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The designed and built OOT not only satisfies the objective to monitor the system performance in real-
time, also satisfies the purpose of reconfiguring without the need to change the hardware platform.
Moreover, it also offers an easy experimental implementation on the fly due to direct communication
with the SDR platform. For a clear channel with V of 20 km, the required Pry is considered to be 10
dBm with 0 dB channel loss and the additional losses including Lge, are assumed to be low. The system
performance in terms of BER for the link range of 100, 200, and 300 m links under the fog conditions
are depicted in Fig. 3.2.4. For a 100 m link, MIMO outperforms the single FSO link for V<18 km and
especially at lower values of V as expected. For the FSO link with the proposed adaptive switching
algorithm, the BER pattern follows the single FSO link, up to a distance of 3 km, after which the BER
drops to the MIMO FSO link level with a BER of 10 which is due to turning on the additional Txs as
explained before. The same pattern is observed for 200 and 300 m links as depicted in Figure 3.2.4 (b)
and (c) except when the switching takes place at V of 6 and 9 km where the BER values are at 1.3 X 10°
3and 7.4 x 10, respectively. Also observed are (i) the BER plot for the MIMO FSO link, which is almost
constant (i.e., 10°) at V > 5 and 10 km in Figs. 3.2.4(b) and (c). Additionally, compared to Dg, the
beam spot sizes of 17.5 and 34.9 mm in 100 and 200 m, respectively, are smaller. Therefore, Lge, is
neglected. Due to the beam spot size of 52.4 mm, an extra 1.2 dB of Lge, is introduced in the 300 m
link.

For all three systems, the estimated BER exceeds the FEC limit for o/ < 0.02, hence, a,z(Thres) was set
at < 0.02. The systems were then simulated under weak to moderate turbulence (i.e., 10 < C2 < 10°

17 m_2/3,) to determine the BER performance for all three systems and link spans of 100, 200, and 300
m as depicted in Figures 3.2.5. In these plots, the same pattern is observed as in Figure 3.2.4 where
the BER of the 100 m link adaptive switching the FSO link followed the single FSO link plot for C? of

10'13m_2/3, beyond which the BER significantly improves, reaching the level of MIMO FSO link at C? of

1012 m'2/3, from 10* to 2.5 X 1078, see Fig. 3.2.5 (a). This improvement in BER performance is due to
the addition of Tx-A2 and Tx-B2. In Fig. 3.2.5 (b), the BER plot for the proposed link changes direction

at C2 <10 m /3, decreasing to 10°® at C2<10% m /3, and then increasing with C2. In Figure 3.2.5

(c), the BER transitions from 1073 m_2/3, to 2x107° at C2 of 10 to 103 m_2/3, for the proposed system.
Note that, (i) the BER floor level for both MIMO FSO and proposed FSO links is ~ 10 for C2 > 103

m_2/3, and (ii) the 200 and 300 m long MIMO FSO link performance degrades more under turbulence

effects (i.e., C2 > 10‘13m_2/3,).
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Figure 3.2.5. BER vs. C? for single, MIMO and proposed FSO with adaptive switching links for: (a)
100, (b) 200, and (c) 300 m with turbulence.

3.3. Transceivers for MMW radio signal over FSO
3.3.1. Photonic mmW signal generation and transmission over fiber/FSO hybrid fronthauls.

Optical transceivers including local and remote photonic mmW signal generation were considered are
evaluated in this section by obtaining the analytical expressions of the detected signals after
photodetection. Figure 3.3.1 shows a DML located at the BBU, emitting an optical carrier centered at

the angular optical frequency wg, which is modulated by data in both schemes [60].

On the one hand, in the local configuration depicted in Figure 3.3.1(a), the optical signal emitted by
the DML is launched into the standard single mode fiber (SSMF) and then, it is up-converted by the
single tone signal with an angular modulation frequency given by wgr = 21 fgp in the MZM, which is
biased at null point for carrier suppressed modulation. However, in the remote configuration scheme
depicted in Figure 3.3.1Error! Reference source not found.(b), the DML output signal is launched into
the CS-MZM to be modulated by an electrical single tone signal at frpr=20 GHz and then, the resulting
signal is transmitted through a SSMF link. The analytical expressions obtained for the photocurrent
after photodetection are presented in Table 3.3.1 at baseband and mmW band for optical back-to-

back (OB2B), local and remote configurations [61].
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Figure 3.3.2 shows the theoretical system response and the corresponding electrical power
measurement at baseband and mmW band for the recovered signal after photodetection [60].
Experimental measurements have been obtained employing a DML (Optical Zonu, 0Z516) with a 3 dB
bandwidth of 7.75 GHz and the system frequency response has been measured using a signal generator
(Rohde Schwarz, SMW200A) and a signal analyzer (SA) (Rohde Schwarz, FSW43).

Remote

Local

Optical power (dBm)

-100 :
1552.5 1553 1553.5

Wavelength (nm)

1554

Figure 3.3.1. Experimental setups for: (a) local microwave photonics (MWP) signal generation, (b)
remote MWP signal generation and (c) optical spectrum of optically carrier suppressed modulated
signal over 25 km SSMF at P1 in setup (a) —blue- and P2 in setup (b) —red-. CO: central office, DG: digital
generator, DML: directly modulated laser, PC: polarization controller, MZM: Mach Zehnder modulator,
EDFA: erbium doped amplifier, OBPF: optical band pass filter, ODN: optical distribution network, SSMF:
standard single mode fiber, RRH: radio remote head, PD: photodetector, EA: electrical amplifier, SA:
signal analyzer.
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TABLE 3.3.1. ANALYTICAL TERMS OF THE PHOTOCURRENT i(t) AT BASEBAND AND MMW BAND IN OB2B, LOCAL AND REMOTE

CONFIGURATIONS.
CONFIG. i(t)
OB2B RP,myy - [cos2@pe + 2mépsin?opc] ()
1 kP, /1
LOCAL RP,myylcos?@pc + 2mipsin®ppc] - [\/ 1+ a?cos (EﬁzLa)z + atan a) +ja?sin (EﬁzLa)z)] )

1 KP, 1
REMOTE  RP, [\/ 1+ a?cos (EﬁzLa)z + atan oc) +joczosin (EﬁzLa)z)] s [mapcos?@pe + 2muymépsin?@pccos(BoL e Q)] (3)

0B2B RP, M g0 M SIN* Py *
L 1 kP, . (1

LOCAL RP,m g pyyMirsin®gpc - [\/ 1+ a?cos (—[?zLa)2 + atan Q) + jo——sin (—ﬂzLa)z)] )
20k + @ 2 @ " \2
1 kP, 1

REMOTE RP,mpymEpsin®gpc - [\/ 1+ a2cos (E B (P + 2 g ) + atana) + jotj -sin (5 BoL(@? + 2 e w))] (6)

Experimental optical OB2B signals both at baseband and mmW band are shown in Figure 3.3.2(a)
and (b), respectively. Both transfer functions are proportional to the laser frequency response, which
corresponds to the planar theoretical frequency response at baseband and mmW band, respectively.
Figure 3.3.2 (c) and (d) show the response for local configuration and, in this case, both bands show
similar frequency dependence. Theoretical calculations lead to a dispersion induced power fading for
a laser directly modulated signal at frequencies given by:

(2n+ n 4+ 2 atan o
o= Bl

A 25 km fiber link leads to the first null (n = 0) at the frequency of 15.5 GHz, which is, however out of
the laser operating bandwidth. Basically, the term related to phase contribution by means of k is not
significant in this RF frequency range. Experimental measurements at baseband and mmW band are
limited by the laser modulation bandwidth and, therefore, show strong similarities to OB2B
characterization.

(n=01,..) (7)

However, the remote configuration leads to a system response, which is significantly different for both
bands. According to eq. (3), the first factor leads to the same nulls obtained in (7), which are out of the
measuring frequency range. In this case, there are also nulls at frequencies causing the cancellation of
the second factor in (3), which are given by:

2n+ D 1
a) =
" 2 |52 | Lwgr

The first null (n = 0) is obtained at 3.7 GHz for 25 km SSMF link, as shown in Figure 3.3.2(e) both in
the theoretical and experimental curves.

(n=0,1,..) (8)

On the contrary, the remote configuration at mmW band (see eq. (6)) only includes the term with nulls
at frequencies given by (7), and therefore, no nulls are found within the laser bandwidth (see Figure
3.3.2(f)). However, it is striking that the estimation of (6) at low frequencies, also confirmed by the
experimental measurement, leads to a higher amplitude signal under the remote scheme compared
to the local configuration as a result of the combined effect of dispersion and laser chirp, as has been
previously observed [62]. A signal gain of 15 dB with respect to local or OB2B configurations is
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measured for frequency values up to 8 GHz transmitted over 40 GHz. Note that this behavior is not
shown in baseband, as explained above.
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o
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Figure 3.3.2. Comparison of theoretical (dashed lines) and experimental (solid lines) electrical output
power at baseband (left side) and mmW (right side) band: (a)-(b) OB2B, (c)-(d) local and (e)-(f) remote
configurations, respectively. Both local and remote configurations are obtained over 25 km SSMF link.

The recovered electrical spectra after photodetection for OB2B, local and remote setups are
depicted in Figure 3.3.3 [60]. The mmW signal with -27.6 dBm electrical power is generated at 40 GHz,
as shown by the electrical spectrum measured under OB2B setup in Figure 3.3.3 (a). The extinction
ratio with respect to the original carrier at 20 GHz is higher than 36 dB, the insets show the detail of
the data band at baseband (-75 dBm) and also at mmW band (-82 dBm).

Figures 3.3.3 (b) and (c) correspond to measurements under local configuration for 10 and 25 km SSMF,
respectively, and lead to similar electrical power levels than OB2B both for baseband and mmW band,
according to Fig 3.3.3(c) and (d) (also in good agreement with egs. (2) and (5)).

On the other hand, Figures 3.3.3 (d) and (e) show the measured electrical spectra for 10 and 25 km
SSMF remote setup and no significant differences are found in data baseband with regards to OB2B.
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However, an electrical power increase of 9 and 16 dB is observed in data bands carried by mmW signal
after transmission over 10 and 25 km fiber link, respectively. This fact confirms the results presented
above, where the electrical amplitude at the mmW band under remote configuration was found to be
15 dB larger with respect to OB2B (eq. (6) and Figure 3.3.2(f)) due to the system response. However,
the remote configuration leads to high intermodulation (IMD) products at 40 GHz band in 25 km fiber
link (see inset in Figure 3.3.3 (e). Note that local configuration over the same link, shown in Figure
3.3.3 (d), does not exhibit IMD signals, which can lead to dramatic penalties under certain signal
conditions in remote generation setup, i.e. large bandwidth or multiband signals. Also, small residual
bands appear around 20 GHz due to the lack of perfect carrier suppression in the MZM, which are
more visible after the 25 km SSMF link.
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Figure 3.3.3. Measured electrical spectra after photodetection with different configurations: (a) OB2B,
(b) Local signal generation with 10 km fiber link, (c) Local signal generation with 25 km fiber link, (d)
Remote signal generation with 10 km fiber link, (e) Remote signal generation with 25 km fiber link;
insets show the detail of the data band at baseband and at mmW band.
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The experimental work is completed by evaluating the system performance for different frequencies
in order to confirm the theoretical and experimental frequency system response presented in Figure
3.3.2. Figure 3.3.4 shows EVM measurements and electrical received power as a function of the central
frequency of the 250 MHz bandwidth QPSK signal both at baseband and at mmW band for OB2B, local
and remote setups over 25 km fiber link [60].
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Fig. 3.3.4. EVM and received electrical power for different setups vs frequency over 25 km fiber link:
(a)-(b) OB2B, (c)-(d) Local setup and (e)-(f) Remote setup, at baseband and millimeter wave band,
respectively.

Figure 3.3.4(a) shows a clear correlation between EVM and electrical power for OB2B, since they result
from the DML frequency response (see Figure 3.3.2 (a)). Electrical power decreases (i.e. EVM increases)
due to the 7.75 GHz bandwidth limitation on the DML, so measurements are shown up to 8 GHz.
Accordingly, measurements in the mmW band have been done from 32 GHz (8 GHz below the 40 GHz
band) up to 43.5 GHz due to the SA bandwidth limitation. Again, the electrical power follows the
predicted behavior of the theoretical frequency response (see Figure 3.3.2(b)) with corresponding EVM
values where several EVM fluctuations are observed above the threshold.
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Figure 3.3.4(c) shows the electrical power and EVM measurement against frequency in baseband for
local setup following the measured frequency response in Figure 3.3.2(c), which is similar to the one
measured in OB2B setup. However, Figure 3.3.4(d) shows some reduction (i.e. 2.5 dB at 35.5 GHz) of
the electrical power with respect to the OB2B although a maximum is obtained at 7 GHz offset respect
to 40 GHz, due to DML frequency response and also according to Figure 3.3.2(d). Again, higher EVM
values with some fluctuations due to signal processing are obtained above the threshold.

Finally, the performance of the remote generation setup is also characterized in frequency. Figure
3.3.4(e) shows the electrical power decrease (i.e. EVM increase) at 3.7 GHz for remote setup, in good
agreement with the notch predicted by eq. (8) in baseband frequency response. However, Figure
3.3.4(f) shows a 13 dB increase of electrical power (i.e. reduced EVM) with respect to OB2B along the
measurement frequency range up to 35.5 GHz (4.5 GHz below 40 GHz) in accordance to Figure 3.3.2(f).

3.3.2. Phased beamforming in optical domain

The transmission of high frequencies, i.e., millimeter wave (mmW), has significant path and
penetration losses. One practical solution to compensate for the higher losses is to deploy a large-scale
phased antenna array (PAA) to achieve high PAA gain in a high frequency system due to the smaller
wavelength [63]. An example of this is a base station operating at 30 GHz with a 200-meter-transmit
range and needing 60 dBm effective isotropic radiated power (EIRP) for a reasonable signal-to-noise
ratio (SNR) at the receiver. This is almost impossible to achieve using a single element transmitter.
However, if, for example, a 100-element PAA transmitter is used, only 20 dBm output power is required
from each element of the phased array, which is reasonable with today’s low-cost fully integrated
solutions [64]. Along with the use of microwave photonics in RF networks, the optical system enables
beamforming by employing variable true-time delay (TTD) modules to introduce a phase difference in
particular PAA elements [65]. One of the approaches for optical TTD for an mmW frequency band is
the usage of the chromatic dispersion phenomenon with a multi-wavelength optical signal allowing
phase delays to be optically set up for different wavelengths. We have realized, for the first time, an
experimental validation of data transmission in the 24-28 GHz band using optical beam steering via
chromatic dispersion in a hybrid RF/optical system. For this purpose, we have proposed a microwave
photonic link (MPL) in a given band with an in-house built application-tailored three-element PAA
based on planar dipoles to provide enough beam steering scalability. We have demonstrated PAA
beam steering performance and confirmed the usability of our approach within a microwave photonic
network by evaluating data transmission quality over a 1.5-m-long wireless distance.

The complete experimental demonstration of beamforming carried out in MPL has been realized
according to the scheme in Fig. 3.3.5 [66]. A tunable 3-port laser source (CoBrite DX4) is used to
adaptively control the phase difference between particular link outputs feeding the PAA due to the
effect of chromatic dispersion in the optical fiber. Each of the three ports of the laser source (providing
signals at 1534.695, 1550.031 and 1571.178 nm, all with optical power 16 dBm) is connected via
polarization controllers (PCs) to the CWDM to combine the signals into a single SMF. After multiplexing,
the signals pass through another PC adjusting the polarization state to the MZM (Optilab IML-1550-
50-PM), which serves as an electrical-to-optical convertor. The MZM is biased in a quadrature
operation point corresponding to a bias voltage of 0.8 V. Note that the MZM allows the modulation of
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all three optical carriers by an identical RF signal. A 10-km-long SMF is employed to emulate the
distance coverage of the radio signal in a real network. The SMF allows chromatic dispersion-induced
time delay between particular optical carriers by introducing a phase delay for the RF signals. This
particular SMF length also avoids the chromatic dispersion induced RF power fading. At the output of
the SMF, the CWDM divides particular carriers, according to their wavelength, into three optical
branches which are terminated by PDs (Optilab PD40). The PDs transform the optical signals back to
the RF domain. To reach sufficient RF power for radiating the signal from the PAA to free space, three
identical RF electronic amplifiers (EAs, Analog devices HMC1131) are deployed with an average gain of
21 dB over the 24 — 35 GHz band. Finally, the PAA is connected to the EAs via 10-cm-long coaxial cables
with mini-SMP connectors. Note, to reduce unwanted reflections in our experiment, the PAA, with
EAs, PDs and the WDM demultiplexer, has been placed on a rotating board and characterized within
an anechoic chamber situated at the Czech Technical University in Prague, Faculty of Electrical
Engineering. The PAA-transmitted CW signal is received after a 3-m-long wireless propagation in the
chamber by a double-ridged horn antenna (RFspin DRH40 with 15 dBi gain at 25 GHz), amplified by
low-noise EA (Miteq AMF-4F-260400-40-10p) and delivered to the receiver. To obtain the radiation
pattern of the PAA, a vector network analyzer (VNA, Rohde & Schwarz ZVA40) is used, whereas for
data transmission, the combination of the signal generators (Rohde & Schwarz SMW200A, SMF100A),
RF mixer and spectral analyzer (Rohde & Schwarz FSW) is leveraged. The system operates in a
transmitting mode. However, the proposed system could also be used in receiving mode.

TUNABLE
3-PORT
LASER v

SMF 10 km AAAA
CWDM __f:;ER'X';A
DEMUX-Epa R/

. Rx antenna
S HD Rk

anechoic chamber

Fig. 3.3.5 Experimental setup of an RoF link for mmW transmission and optical-controlled
beamforming.

Selected results for the frequency of 26 GHz with steering angles of 0°, -25° and 25° are shown in Fig.
3.3.6 a), b) and c), respectively [66]. For the sake of comparison, black dashed lines denote simulated
results obtained by CST Studio Suite. Meanwhile Fig 3.3.6a) shows the radiation pattern with no phase
difference among the PAA elements, Fig 3.3.6 b) and c) depict the radiation pattern of the system with
an introduced phase difference of £ 80° from the middle element to steer the wavefront in the desired
angle, i.e., £ 25°. Note that these measurements have been carried out for a single-tone signal without
any modulation (i.e., data).
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Fig. 3.3.6 Measured and simulated radiation patterns at 26 GHz for steering angles

a)0°b)-25°and c) 25°.

A data signal was added to analyze our hybrid system performance for practical use within the given
bandwidth. For these purposes we transmitted the signal from the PAA over a distance of 1.5 m of
free-space. For signal generation, a baseband generator (R&S SMW200A) was used with predefined
cellular network test models according to the long term evolution (LTE), and test model TM 3.1 using
64-quadrature amplitude modulation (QAM) was adopted. This model is, in general, proposed to test
transmitted signal quality and output power dynamics [67]. The baseband was up-converted to the
desired frequency by using a mixer and signal generator (R&S SMF100A) serving as a local oscillator
with a frequency of 25 GHz. The signal was subsequently amplified by using an EA (Analog devices
HMC1131) which led to the MZM RF input, so all three optical carriers carried the same RF signal. At
the receiver side, a spectral analyzer (R&S FSW) was used for the demodulation and data evaluation.
Note that this measurement was performed outside the anechoic chamber.

In the first series of tests, with regard to the previous experiment, we set the steering angle to 0° and
25° by tuning the laser to the above-mentioned wavelengths and then measuring received power and
error vector magnitude (EVM) with the dependence on the PAA azimuth in the range of + 60°. Test
model 3.1 was used with 64-QAM and 20 MHz bandwidth resulting in a data throughput of 75 Mb/s.
Fig. 3.3.7 shows the result for a 0° steering angle, while Fig. 3.3.8 depicts results for 25° [66]. EVM
performance, in terms of constellation diagrams for 64-QAM, is shown in the azimuths of -25, 0 and
25°.
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Fig. 3.3.7 EVM and received power vs. PAA azimuth angle at 25 GHz for 64-QAM signal with 20 MHz
bandwidth for steering angle 0°. Constellation diagrams are shown at azimuth 0° and -25°.
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Fig. 3.3.8 EVM and received power vs. PAA azimuth angle at 25 GHz for 64-QAM with 20 MHz
bandwidth for steering angle 25°. Constellation diagrams are shown at azimuth -25° and 25°.

3.3.3. Integrated transceiver — tests within relay system

One of the key aspects of the RoF technology is its capability to realize a seamless analog RF signal
transmission without the need for signal processing following optical-to-electrical (OE) conversion and
prior to transmission via an antenna. This feature enables a high number of electrical-to-optical (EO)
and OE conversions, which can be used to provide additional wireless connectivity. Moreover, the RoF
technology can be supplemented with a free space optics (FSO) link where the use of fiber cables is
not possible or expensive. In this case, a radio over FSO (RoFSO) system can be realized to provide a
flexible mobile fronthaul transmission from a central office (CO) to base stations (BSs). On the other
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hand, RoF systems can also be utilized for transparently relaying radio signals from outdoor to indoors
to avoid penetration losses, especially for radio signals in the high frequency bands. The concept of a
cascade of a RoF/RoFSO mobile fronthaul, mmW radio access network (RAN), and indoor RoF relay

system for the mmW indoor coverage in a mobile network is illustrated in Fig. 3.3.9 [68].
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Fig. 3.3.9. The proposed end-to-end mmW signal transmission for indoor networks using RoF and

ROFSO systems.
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Fig. 3.3.10. (a) Experimental setup for mmW signal transmission over a cascaded RoF mobile
fronthaul, mmW RAN, and RoF relay system; (b) compact prototype of the mmW |OE.
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We have demonstrated for the first time an end-to-end transmission of a 26 GHz signal from a CO to
an indoor end user using RoF/RoFSO systems. For the use of RoF mobile fronthaul, a simple optical
double sideband signal transmission was transmitted over a 20-km SMF without using an optical
amplification. For the case of RoFSO mobile fronthaul, an optical single sideband (SSB) signal was
transmitted and an EDFA was utilized to extend the fiber reach for the fronthaul network. The
extension of the proposed setup was realized with the main emphasis on the first optical section
because a considerably longer SMF-1 link can be expected compared to SMF-2, which only serves for
indoor coverage. To increase the distance of the SMF-1 link, we generated and transmitted an optical
SSB signal. Further, we inserted an FSO link to the SMF-1 to emulate the usage of the RoFSO system
for mobile fronthaul transmission from the CO to the BS. We updated the first optical section of the
scheme from Fig. 3.3.10, as shown in Fig. 3.3.11(a) [68]. The output signal from CO is launched to the
optical channel by the dense wavelength division multiplexing (DWDM) multiplexer with a 0.8 nm grid
(100 GHz).

Simultaneously, the wavelength of the Laser-1 is tuned to the wavelength of 1548.67 nm, while the
center wavelength in the corresponding channel is 1548.51 nm. Thus, the intensity modulated optical
carrier, operating in the DSB regime with side bands £26 GHz, is turned into the SSB transmission due
to the filtering of one sideband out by the DWDM,; see corresponding optical spectra in Fig. 3.3.11(b).
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Fig. 3.3.11 (a) The experimental setup using the RoFSO system in the mobile fronthaul; (b) optical
spectra before and after the DWDM-1.

The SSB transmission scheme is immune to CD-induced fading, and thus almost any length of the SMF
can be used. It should be noted that SMF-2 link, operating in DSB regime at +26 GHz, perfectly
withstands the CD fading for the considered indoor range, which is expected within 100 m.
Furthermore, a 5 m long FSO channel, realized by a pair of doublet collimators (Thorlabs, F810APC-
1550), is implemented to provide better flexibility. An EDFA (Keopsys CEFA-C-HG-SM-50-B130-FA-FA)
is employed to compensate for additional losses of longer fiber section and 6 dB insertion loss (IL) of
the FSO channel. After the EDFA, the signal is demultiplexed in DWDM-2 demultiplexer. It is worth
mentioning that a number of DWDM channels can be exploited, which significantly extends the
capacity of the first stage of the setup.

The overall system performance for fiber mobile fronthaul is shown in Fig.3.3.12 depicting the EVM
and the BER performance as a function of P,o and P, respectively for 4-, 16-, and 64-QAM [68]. The
EVM plots show minimum values at P.o > 5 dBm, so to keep the EVM values below a particular EVM

This document is based upon work from COST Action NEWFOCUS,
supported by COST (European Cooperation in Science and Technology)




NEWFOCUS

N Funded by C CoskE

*

*
*
*
Bt

*: the European Union EUROPEAN COO

TION
IGY

IN SCIENCE &TE

limit, Pro is at least 1.5 and 2.5 dB higher for 4- and 16-QAM, and 64-QAM, respectively, compared with
the OB2B. The minimum P,z to meet the FEC BER limit are -63, -59, and -55 dBm for 4-, 16-, and 64-

QAM, respectively.
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Fig. 3.3.12. The full system performance for 4-, 16-, and 64-QAM: (a) EVM vs. PrO, and (b) Log10(BER)

VsS. PTRF'

Fig. 3.3.13 (a) depicts the dependence of the EVM for 64-QAM signal with a 20 MHz bandwidth at 26
GHz on PrO for various SMF lengths and EDFA within the combined fiber fronthaul network with the
SSB transmission scheme [68]. It can be seen that up to 75 km is applicable while a wide range, i.e., for
PrO between 2 and 6 dBm, maintains the EVM below 8 %. In addition, there is only approx. 1 dB penalty
between using 15 and 75 km of SMF in the first stage.

Finally, the 5 m long FSO channel in the first optical stage was deployed to make this part of the
fronthaul network more flexible. To demonstrate the maximal system performance, a full
configuration including 75 km of SMF and 5 m of FSO with the following EDFA in the first optical section
was deployed. The RoF relay system was tested with 64-QAM; see results in Fig. 3.3.13(b).
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Fig. 3.3.13. The SSB system performance showing EVM for 64-QAM vs. received optical power for: (a)
various SMF-1 length, and (b) for the system including 75 km of SMF-1 and FSO.
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3.4. Optical Camera based Communication System

The OCC long distance system has been developed. The experiments were carried out with two
transmitters built using a 5 mm white LED controlled by an Arduino board and one receiver built using
a Raspberry Pi with Camera Module V2. The Tx nodes were placed outdoors from the proximity of the
IDeTIC Institute facilities in Las Palmas, Spain, at 90 and 130 m from the receiver placed indoors, as
shown in Figure 3.4.1. The key parameters of the experiments are summarized in Table 3.4.1.

Table 3.4.1. Key experiment parameters and values

Metric Parameter Value
Tx Light source Single 5 mm white LED
Data rate 7.5 bps
Microcontroller Arduino Nano
Channel  Link span (d;) 90 m
Link span (dy) 130 m
Rx Camera Raspberry Pi Camera V2
Frame rate 30 fps

-~ PLaboratory
d,=90m
d.=130m

Outdoor Field

Figure 3.4.1 - Experimental setup

The data frame structure generated at the transmitters comprised a header, guard bits, and one 8-bit
payload, with chip time equals 4 image frames captured by the camera, to ensure every bit is captured
in the video, considering the framerate of the camera can slightly vary. Then, at the processing stage
(done offline), a correlation-based detection allows the system to locate the overhead parts of the
frame and then detect the bits, as shown in the diagram in Figure 3.4.2.
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Figure 3.4.2 - Signal detection process

As shown in [24], although the projection of the LEDs over the image sensor was theoretically under
the size of one pixel, due to the camera focus configuration and the scattering induced by the
channel, more than one pixel contains useful data for each transmitter. This allows the receiver to
consider not only the central pixel but surrounding pixels as well. As a result, the weighted-average
signal obtained from all the mentioned pixels reached up to 20 dB of signal-to-noise ratio (SNR), as
shown in Table 3.4.2.

Table 3.4.2. Key performance results from sub-pixel OCC experimentation

Metric Position Channel R Channel G Channel B
Experimental SNR d 19.7dB 20.0 dB 19.8dB
dz 13.0dB 12.9dB 12.5dB
Theoretical BER d; <1012 <1012 <1012

dz 3.97-10¢  503-10° 1.24-103

Experimental BER d <333-10° <333-10° <3.33-107

d> 9.60-103  9.60-10°  7.20-107

The sub-pixel approach demonstrates the capability of re-utilizing camera equipment for simultaneous
image and wireless data acquisition at long-range OCC. Although the achievable data rate per node is
considerably low, under ten bps, it can be compensated by increasing the number of nodes parallelly
transmitting data to the same camera receiver, potentially reaching thousands of bps. The sub-pixel
OCC system is inherently susceptible to being affected by the time-varying wireless channel. Slight
deviations of the light caused by turbulence, attenuation caused by the presence of aerosols, and
occlusions caused by objects in the scene can easily down the links. Furthermore, discovery and
tracking algorithms need to be developed to support node mobility. Considering the capabilities and
limitations of the sub-pixel OCC system presented, this approach can be applied to establishing
outdoor wireless sensor networks, in which low data rates are required, and nodes can be static in
most cases. Furthermore, if mobility is supported, applications in vehicular networks could be
addressed.

The feasibility of deploying OCC in atmospheric conditions was first presented in [9, where
meteorological phenomena were emulated in a laboratory chamber. This work experimentally
evaluated the effects of heat-induced turbulence and the presence of aerosols over a 5 m-long rolling
shutter (RS) OCC link. An important contribution of this work was the use of the analog gain parameter
of the camera to overcome the effects of dense fog. Furthermore, it was found that the large
transmitter projection over the image sensor required for RS OCC makes the effect of turbulence
negligible. An algorithm for controlling the analog gain of the camera was then developed in [70]. Later,
the effects of a real sandstorm were experimentally assessed in [71], where an RS OCC approach was
used to deploy a 200 m-long outdoor link. In this work, it was found that the scattering caused by the
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aerosol particles in the air act as a diffuser that enlarges the projection of the transmitter over the
camera image sensor, resulting in a higher data rate compared to clear air.

As mentioned before, the RS OCC requires large areas of projection of the transmitter over the image
sensor, which can be obtained using extensive transmitters or long camera lenses. To reduce the need
for large-scale optical front ends, the subpixel OCC link was proposed in [25], in which small form factor
transmitters and receivers could communicate at distances of about 100 m.

4, Conclusions

With the aim of presenting novel achievements obtained within NEWFOCUS Action on transceiver
designs as advanced optical PHY solutions for wireless communications, this deliverable mainly reports
on MIMO free space optics links, visible light communicacion OCC systems and millimeter wave signals
transmission over fiber and FSO links as relevant technologies in medium-range communications
distance.

This document provides a short review of proposed solutions in the previous literature with a focus on
the recent achievements for highly reliable FSO and VLC —based transceivers for the first- and last-mile
access and backhaul/fronthaul wireless networks.

More concretely, with regards to FSO transceivers, recent demonstrations show that the uni-polar
quantum devices, including directly modulated QCLs, external Stark-effect modulators, and QCDs,
have progressed fast to a maturity level for system transmissions supporting over 10 Gb/s.

Moreover, a real-time SDR/GNU Radio implementation of a MIMO FSO link has been demonstrated
with adaptive switching under different atmospheric conditions, concluding that the proposed
switching mechanism mitigated the fog and turbulence induced attenuation for a range of
transmission link spans. Thus, parallel transmission of the same data effectively mitigates fog induced
attenuation in MIMO FSO while switching on additional Txs overcomes the weak turbulence effect.
Concerning MMW signal transceivers, different approaches have been presented in this deliverable.
Remote and local photonic mmW signal generation setups have been compared in an optical fronthaul
based on a DML and carrier suppressed external modulation for frequency multiplying for the
deployment of a 5G C-RAN fronthaul link in order to estimate the capabilities and limitations of both
approaches. As theoretically predicted (i.e. 15 dB gain over 25 km fiber link), experimental EVM results
in the remote generation scheme show better performance than OB2B, which is observed to increase
with fiber length, whereas the local setup leads to similar performance as OB2B. Therefore, the
amplitude response of the system under both configurations provides the main guideline for
photonically assisted mmW C-RAN network design.

Also, with regards to MMW communication systems, a hybrid transceiver based on an MPL and a
three-element antenna, operating between 24 and 28 GHz has been demonstrated with the capability
of realizing beam steering in the optical domain by using the chromatic dispersion approach. It has also
been shown that a PAA with only three elements can effectively steer the beam which, consequently,
significantly decreases demand for radiating power to provide sufficient SNR in all cell directions.
Moreover, the optically controlled steering has been tested with real data transmission at the
frequency of 25 GHz, achieving an EVM as low as 5.6% with a 64-QAM modulation scheme and 20 MHz
bandwidth. Experimental measurements with data transmission also confirmed theoretical
assumptions about the potential usage of such an approach to be deployed in future cellular mmWw
frequency fronthaul networks.

Additionally, an experimental 26 GHz relay system has been presented using double RoF seamless
mmW links. The proposed DSB relay system can operate with up to 20 km of SMFs deployed in the
fronthaul without the need for optical amplification. Moreover, when the SSB scheme involves EDFA,
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the range can be extended up to 75 km with a subsequent 5 m long FSO link while EVM is kept below
the 8% for 64-QAM. Finally, we showed the use of an optoelectronic extender that can be fully
integrated with a low footprint making the relay solution more compact and suitable for practical
deployment.

Finally, the influence of two kinds of atmospheric conditions has been evaluated over an RS-based
OCC link: the heat-induced turbulence due to random fluctuations of the refractive index of the air
along the path, and the attenuation caused by the presence of fog particles in the air. Moreover, an
inverse proportionality relationship between the optimum camera gain and the visibility has been
identified, and also, the empirical SNR decays at a rate proportional to the optical density. This
utilization of the CMOS camera’s built-in amplifier opens a new possibility for OCC systems, extending
the control strategy, and allowing to keep low exposure times and, thus, a high bandwidth, even in
dense fog scenarios.

As a whole, for all these technical achievements, the deliverable has fulfilled the aim of providing novel
solutions as advanced transceivers for wireless communications to be deployed in future generation
communication networks.
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