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1. [bookmark: _Toc197352320]Introduction
This APT Report summarizes the concept and architecture of a cascaded free-space optical (FSO) and millimeter-wave system for small-cell access networks. FSO technology enables the transmission of optical signals through free space without using fiber cables, offering a promising solution for mobile transport systems. A cascade of FSO and millimeter-wave links provides additional advantages such as low transmission latency, high optical spectral efficiency, and simplified antenna sites, facilitating the deployment of small-cell networks in high-frequency bands. However, several challenges should be overcome to develop a stable system, particularly power fluctuations in received optical signals caused by atmospheric turbulence. The cascaded system can be deployed in both outdoor and indoor environments where the installation of fiber cables is not feasible or expensive. This APT Report discusses different solutions to mitigate these challenges and presents proof-of-concept demonstrations of radio signal transmission over the cascaded systems.

2. [bookmark: _Toc197352321]Scope
This Report provides technical guidelines of FSO and cascaded FSO–millimeter-wave systems for applications in small-cell access networks. It also presents experimental demonstrations of these technologies for future access networks.
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4. [bookmark: _Toc197352323]Abbreviation and acronyms 
2D-PDA         Two-dimensional photodiode array
AP                  Access Point
BBU               Based Band Unit
DP-MZM       Dual-parallel Mach–Zehnder modulator
EDFA		Erbium-Doped Fiber Amplifier
E/O                 Electrical to Optical Conversion
FPM               Fine Pointing Mirror
FSO                Free Space Optical
HNC               Home Network Center
LD		Laser Diode
LO                  Local Oscillator
MEMS           Microelectromechanical system
MZM		Mach–Zehender Modulator
OBPF		Optical Bandpass Filter
O/E                 Optical to Electrical Conversion
OFDM		Orthogonal Frequency Division Multiplexing
PD		Photodiode
PID                 Proportional-Integral-Derivative
QAM		Quadrature Amplitude Modulation
QD                 Quadrant Detector
QPSK		Quadrature Phase Shift Keying
RF		Radio Frequency
RN                  Relay Node
RRH               Remote Radio Head
SMF               Single-Mode Fiber
SNR		Signal-to-Noise Power Ratio
WDM             Wavelength Division Multiplexing

[bookmark: _Toc197352324]5.	Cascaded free-space optical and millimeter-wave system 
5.1	Overview of FSO system
FSO is a technology that transmits lightwave signals through free space without using fiber cables. It offers several advantages over conventional fiber-optic communications, including faster deployment without the need for trenching or permits. FSO systems can be deployed in a wide variety of network architectures, installed on roof to roof, window to window, window to roof or wall to wall, helping to eliminate the need for costly deployment. Compared to wireless links, FSO links do not require licensing, offer high immunity from electromagnetic interference, and provide enhanced link security. FSO is a light-of-sight technology which means that the transceivers should be able to see each other without anything in between. This introduces environmental challenges, including fog, absorption, scattering, physical obstructions, building sway, and atmospheric turbulence. Among the challenges, atmospheric turbulence which causes power fluctuations at the receivers is considered the limiting factor in FSO communication due to its complex nature.
FSO communication has been developed with two generations of technology. The first-generation or traditional FSO system, illustrated in Fig. 1(Top), uses a photodetector (PD) to receive optical signals from the atmosphere. However, due to the bandwidth limitations of the PD at the receiver, high-speed and/or high-frequency signals cannot be transmitted effectively. Increasing the PD's bandwidth can enhance the speed and carrier frequency of the transmitted signals. However, this significantly reduces the coupling area of the PD, making the coupling of optical signals from free space to the PD challenging. To resolve the challenge, a two-dimensional multi-pixel PD array device, as shown in Fig. 1(Bottom), offers a promising solution for detection of optical signals owing to its high optical alignment robustness [1]. In this receiver scheme, the coupling area of each pixel PD is reduced to increase the system bandwidth, while multiple pixel PDs can be placed close together to enlarge the receiving area for detecting the incoming optical signals, rendering this solution a high alignment robustness to point error, building sway, and atmospheric turbulence.
[image: ]
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Fig. 1. (Top) FSO system using a PD at receiver; (Bottom) photograph of a fabricated 6 × 6 PDA chip.

The second-generation FSO system is a fiber-coupling system utilizing a seamless connection between free space and optical fibers, as shown in Fig. 2 (Top). Instead of using a PD for receiving optical signals, this system directly couples the signals into a fiber cable. This technology enables a data- and protocol-transparent FSO communication link. The transmission capacity and frequency of the transmitted signals over the FSO system can be greatly enhanced using technology developed for optical fiber communications, such as erbium-doped fiber amplifier (EDFA) and wavelength division multiplexing (WDM). However, the core of a fiber cable is very small, which is approximately 10 μm in case of the single-mode fiber (SMF), making it extremely challenging to couple optical signals from free space into the fiber core. To establish a stable seamless connection, a high-speed and precise tracking mechanism is required to compensate for the fluctuations in the angle-of-arrival of incoming signals. Figure 2(Bottom) illustrates an example of the light path and internal optical layout of such an antenna [2]. To achieve a stable control for the beam spot, a small-size two-axis galvanometer type mirror, i.e., fine pointing mirror (FPM) drive mechanism, is used. The optical antenna employs a dual-tracking mechanism using Quadrant Detectors (QDs). As shown in the figure, one QD is for coarse tracking and initial alignment control using an independent beacon light at 850-nm wavelength. Another QD is for fine tracking using a part of the communication signal light at 1550 nm wavelength band. By analyzing and comparing the output signals from the QD, the direction of the spot movement on the surface of the detector array can be determined. The position of the received beam is calculated based on the positions of the beacon spot on the QD’s four elements. This signal serves as an input of an analog proportional-integral-derivative servo controller. Using this information, the FPM can control and steer the received beam to the SMF core.
[image: ]
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Fig. 2. (Top) Schematic of a direct coupling FSO system; (Bottom) example of an internal construction of the antenna.

5.2	Cascaded free-space optical and millimeter-wave system for small-cell networks
Radio access networks in high-frequency bands are promising to increase user throughput. However, the use of radio signals in high-frequency bands limits the cell size, leading to a rapid increase in the number of radio cells and posing significant challenges to transport networks. It is difficult to install fiber cables to every small cell owing to physical and economical constraints. Wireless transport systems operating in the millimeter-wave and terahertz-wave bands provide an attractive alternative. However, efficiently encapsulating high-frequency radio signals onto a wireless transport system remains challenging due to the bandwidth limitation. FSO systems offer a promising alternative for fiber links for deploying ultra-dense small cells, including those in very high-frequency bands, as illustrated in Fig. 3 [3]. In this approach, high-frequency radio signals are modulated on an optical carrier, transmitted over a fiber link, and emitted into free space using an optical lens. At the receiver, the modulated optical signal can be received using one of the FSO receivers as described earlier. In case of using a PDA receiver, the detected electrical after the PDA is directly transmitted to end users using radio frontend at the antenna sites. In the case of using a direct-coupling FSO receiver, the modulated optical signal is coupled into an SMF, can be amplified using an optical amplifier, and detected using a high-speed PD. The detected signal is then transmitted to end users using radio frontend at the antenna sites. 
The cascaded system can also be applied for indoor access networks, as shown in Fig. 4 [4]. This system utilizes a dual-hop architecture combining FSO and radio links. The radio links serve as an access network for communication with users, while the FSO links serve as an extension of fiber links, enabling flexible and efficient transmission of radio signals from a home network center (HNC) to access points (APs). In this scheme, an optical millimeter-wave signal is generated at the HNC and transmitted over fiber links to relay nodes (RNs). At the RNs, the signal is emitted directly into free space using FSO terminals and transmitted to APs, which are installed near end users. At the APs, the FSO signals are received and seamlessly converted into millimeter-wave radio signals using either a PD or a PDA. These millimeter-wave signals can be amplified and transmitted directly to the end users without requiring additional signal conversion and processing. This makes the system simple, resulting in low transmission delay and power consumption. In this system, all the signal generation and processing functions can be conducted at the HNC. The RNs and APs can be very simple. Since the APs are located at fixed locations, FSO beam steering and control are easier compared to direct user-terminal connections. Additionally, the APs can incorporate advanced receivers with large-coupling-area PDs and PDAs, simplifying the signal alignment and reception. The system can be useful for many practical applications, such as providing ultra-high-speed and low-latency communications to users inside meeting rooms, offices, train stations, stadiums, airports, and hospitals. Potential use cases include real-time transmission of ultra-high-definition medical images for remote diagnostics in hospitals or cloud-based robotic control in smart manufacturing environments.
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Fig. 3. Cascaded FSO and millimeter-wave system for outdoor small-cell network. BBU: baseband unit; RRH: remote radio head.

[image: ]
Fig. 4. Concept of the cascaded system for indoor access network.

[bookmark: _Toc197352325]6.	System demonstration and discussion
6.1 System using PDA receiver
Figure 5 shows the experimental setup for a cascaded FSO–millimeter-wave communication system using a fabricated PDA described in section 5. At the transmission side, a radio signal at 7 GHz with a 3.54 gigabaud (Gbaud) was generated using an arbitrary waveform generator (AWG). The radio signal was upconverted to 31 GHz using an electrical mixer and a 25 GHz local oscillator. The RF signal at 31 GHz was converted to the optical domain using a lithium niobite intensity modulator. The modulated optical signal was transmitted through an optical fiber and emitted to free space using a lens. In this demonstration, to evaluate the optical alignment robustness of the PDA receiver, the optical signal was switched between two optical paths using a microelectromechanical system (MEMS) mirror with collimator lens. The switching time and maximum steering angle of the MEMS mirror were 10 ms and 30°, respectively. After transmission over approximately 1.5 m in space, the signal was coupled into one of two sets of fabricated PDAs. The RF signal from the PDA output was amplified and input to a 24 dBi horn antenna. After transmission over approximately 1 m in free space, the radio signal was received using another horn antenna, downconverted to the baseband signal, and analyzed using a real-time oscilloscope. The PDA used in the experiment was a 6 × 6 square shaped alignment with a total pixel number of 32, including four eliminated corner pixels, for a large photodetection area of 250 μm × 250 μm. Each PD pixel comprised a PIN structure in a III-V compound semiconductor material. A 3-dB bandwidth frequency response of 11.2 GHz was measured for all the 32 pixels. The responsivity was 0.35 A/W and a low dark current below 20 nA was confirmed [1].
[image: ]
Fig. 5 Experimental setup for a cascaded FSO–millimeter-wave system using PDA receivers.

The optical alignment tolerance of the PDA was evaluated first to confirm the advantage in receiving the FSO pencil beam. In the demonstration, the beam was focused on the 4 × 4 pixels in the 6 × 6 matrixed PDA. To evaluate the alignment tolerance and RF output distribution, the FSO incident beam position to the optical lens was changed in the 13 mm range with the beam size larger than the dead space between PD pixels. The RF output power at 31 GHz was measured by four parallelly aligned PDs in the center of the 6 × 6 matrix of PDs, as shown in Fig. 6(a). As shown in Fig. 6(b), it is observed that the four peaks from the four PDs exhibited a –10 to –8 dBm RF output with 1 mA input photocurrent, which was set in each PD individually. Assuming a zero-output level or a noise level of −28 dBm, the alignment tolerance was estimated to be approximately 11–12 mm. Owing to the larger beam size than the dead space between PD pixels, the RF power could be obtained by neighboring PDs even if the beam was located at a dead space. At the dead space position, the RF output was dropped by about 3–5 dB compared to the peak powers. From the results, it is expected that RF output with a minimum power of −12 dBm for all 4 × 4 PDs including the dead space. 
[image: ]
Fig. 6. (a) Schematic of receiver’s configuration, (b) in-plane 31 GHz RF output distribution from four PDs in the center of the PDA module.

Next, the bit error rate (BER) for different received powers was measured for a 3.52 Gbaud signal. In this measurement, the optical path was statically switched from path-1 to path-2 by the MEMS mirror. The BER result measured at one of the two PDA receivers is shown in Fig. 7, where the received power in x-axis is the optical power to each PD pixel. A good BER curve with a minimum value of less than 1 × 10-4 was observed for the QPSK and 16-QAM signal. For the 64-QAM signal, a minimum BER of approximately 3–4 × 10-3 could be achieved. To improve the BER of the 64-QAM, a higher signal-to-noise ratio is required, which includes 15 dB insertion loss of the 2D-PDA at 31 GHz. Taking 7% forward error correction (FEC) as the limiting performance, the minimum received power levels for the QPSK, 16-QAM, and 64-QAM signal were approximately -2.5 dBm, +1 dBm, and +7 dBm, respectively. Examples of the received signal constellations are also shown in the figure. Subsequently, the performance of the dynamic optical path switching was evaluated using the MEMS mirror, which was controlled using a voltage swing. A pulse-shaped voltage swing was applied to the MEMS mirror every 0.1 s to switch the mirror angle from +15° to –15°. The reflected beam was detected using the PDs. Fig. 8 shows the dynamic switching performance of the 31 GHz radio signal from each PDA through antennas. When the MEMS mirror is periodically switched every 30-second, the pulse-shaped waveform of the radio signal is successfully received from the two FSO receivers alternately. The periodic cycle generated by launching the radio signal from the two antennas was clearly confirmed. To confirm the short time stability of the performance, the error vector magnitude (EVM) of the 16-QAM signal were measured every 5 second during the radio ON state (30 seconds) in one channel. This should depend on the optical alignment tolerance during the dynamic optical path switching process. As shown in Fig. 9, a stable and reproducible EVMs of approximately 9% can be achieved in the 10 switching cycles. The experimental results reveal the potential of using PDA as a high-speed and robust optical receiver for cascaded FSO–millimeter-wave system.
[image: ]
Fig. 7. Bit error rate performance for different modulation formats.
[image: ]
Fig. 8. Dynamic switching of the 31 GHz radio signal from each PDA.
[image: ]
Fig. 9. EVM performance of 16-QAM signal measured every 5 s during the radio ON state (30 s) for one channel.
6.3	System using fiber coupling receiver
In this section, a demonstration of a cascaded FSO–millimeter-wave system using a direct coupling receiver is presented. As a proof-of-concept demonstration, a simple FSO receiver using a collimator and a focus lens was used [4]. Nevertheless, the demonstration can be extended to the case of using a full fiber coupling FSO receiver as described in section 5. The experimental setup for the transmission of a radio signal over a cascaded FSO–millimeter-wave system is shown in Fig. 10. First, a coherent two-tone optical signal with a frequency separation of 91.6 GHz was generated using a dual-parallel Mach–Zehnder modulator (DP-MZM) [5]. The DP-MZM consists of nested MZMs in each arm of the main MZM to work as intensity trimmers to compensate for the optical intensity imbalance owing to fabrication errors in the Y-branch of the main MZM. An optical signal consisting of the carrier and two second-order sidebands was generated by feeding an electrical signal to the electrode of the main MZM and setting the bias voltage at the maximum transmission point. A two-tone optical signal with a frequency separation of 91.6 GHz was generated by passing the generated optical signal through an optical band elimination filter. The two optical sidebands were separated using an arrayed waveguide grating, and one of them was modulated by intermediate frequency (IF) signal. In this demonstration, an orthogonal frequency-division multiplexing (OFDM) signal with a bandwidth of 8 and 10 GHz was transmitted as the example. The OFDM signal consisting of 512 subcarriers at 7.5 GHz was generated from an AWG. The signal was converted to the optical domain using an optical in-phase/quadrature modulator. The bias voltage to the modulator was controlled to generate only one modulation sideband. The modulated optical signal was amplified and filtered to reduce the amplifier noise. The signal was then re-combined with the unmodulated optical sideband from the two-tone optical signal generator using a 3-dB optical coupler. The combined optical signal was transmitted over a 20-km SMF to an optical receiver. Herein, the received optical signal was input to an optical collimator and directly emitted into free space. After being transmitted over approximately 1 m in free space, the optical signal was received using an objective lens and was focused into an SMF. The focused signal was amplified, filtered, and input into a high-speed PD for up-converting to a millimeter-wave radio signal at 99.1 GHz, which is the sum of the frequency separation of the two-tone optical signal and the carrier frequency of the IF OFDM signal. The signal was filtered and amplified before being transmitted into free space using a 23-dBi horn antenna. After transmission over approximately 1 m in free space, the signal was received using another horn antenna. The signal was amplified and downconverted to the microwave band at 12 GHz using an electric mixer. Finally, the signal was sent to a real-time oscilloscope and demodulated offline. 
Figure 11 shows the performance of the received signals at the radio receiver. Fig. 11(a) shows the optical spectrum of the generated optical millimeter-wave signal, consisting of the unmodulated and modulated sidebands with a frequency separation of 99.1 GHz. The signal performance was evaluated using EVM parameter. In the demonstration, the modulation format for the 8- and 10-GHz bandwidth OFDM signal was 32-QAM and 16-QAM, respectively. As shown in Fig. 11(b), satisfactory performance was successfully achieved for all the signals with EVM values meeting 7% FEC limits. The signals with a total capacity of 40 Gb/s were successfully transmitted over the system. Examples of constellations and spectra of the received signals at the receiver are also shown in Fig. 11(c). Notably, the transmission distance of the FSO and millimeter-wave links was limited to approximately 1 m in the demonstration owing to the space limitation in the experimental room. The distances can be further extended to meet the requirement in practical systems. In addition, for practical applications, the simple FSO receiver in the demonstration should be replaced by a full tracking FSO receiver as described in section 5. In that case, the tracking system can compensate for the fluctuations in the angle-of-arrival of the incoming signals due to atmospheric turbulence, building sway, and pointing error.
[image: ]
Fig. 10. Experimental setup for the proof-of-concept demonstration of a cascaded FSO–millimeter-wave system.
[image: ]
Fig. 11. (a) optical spectrum of the optical millimeter-wave signal; (b) EVM performance; (c) constellations and spectral of the OFDM signals.

7. [bookmark: _Toc197352326]Conclusion
The configuration and proof-of-concept demonstrations of the FSO and cascaded FSO–millimeter-wave systems for applications to small-cell access networks are presented. The system can provide a promising solution for transporting radio signals in high-frequency bands to antenna sites, both in outdoor and indoor environments, without the need of fiber cable installation. This Report shows the technical guidance of FSO and cascaded FSO–millimeter-wave technology and shows examples of the signal transmission performance using different technologies for signal generation and receptions.
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