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1. Introduction
This APT Report summarizes architectures and characteristics of Radio over Fiber (RoF) relay links for indoor communication systems to connect wireless devices which are wirelessly disconnected by obstacles such as concrete walls, floors, etc. RoF relay transmission links can transmit RF signals in the frequency range from microwaves to millimeter-waves due to broadband conversion characteristics of O/E and E/O devices [1]. If RF signals cannot penetrate the walls between two rooms in the house, and optical fiber cables are already installed between two rooms, then the RF signals can be transmitted from one room to the other through an optical fiber cable. RoF relay transmission links cannot be only applied to indoor communication systems, but also to outdoor repeaters to provide subcarrier frequencies for the broadcasting and mobile systems. This APT Report focuses on RoF relay link applications to indoor communication systems and the related RoF technologies.

2. Scope
This Report provides the technical guideline of RoF relay links which connect wireless devices located at wirelessly disconnected areas, and their characteristics at millimeter-wave frequencies.

3. References
[IEEE802.11] 	[2] http://www.ieee802.org/11/
[IEEE802.15]	http://www.ieee802.org/15/
[ITU-R.P.676-9]	Recommendation ITU-R P.676-9, “Attenuation by atmospheric gases”.
[ITU-R.P.840-5]	Recommendation ITU-R P.840-5, “Attenuation due to clouds and fog”.
[OITDA.TP01/BW]	TP01/BW-2011, “Optical fiber distribution system for detached houses in FTTH”, Optoelectronic Industry and Technology Development Association
[OITDA TP02/BW]	TP02/BW-2011, “Optical fiber distribution system for apartment houses in FTTH”, Optoelectronic Industry and Technology Development Association
[IEC61937] 		IEC 61937:2018, “Digital audio - Interface for non-linear PCM encoded audio bitstreams applying IEC 60958”.


4. Abbreviations and acronyms

5G		Fifth Generation mobile communication system
EDFA		Erbium-Doped Fiber Amplifier
FTTH		Fiber To The Home
GI-MMF	Graded-Indexed Multi-Mode Fiber
LD		Laser Diode
LED		Light Emitting Diode
MMF		Multi-Mode Fiber
MZM		Mach–Zehender Modulator
OBPF		Optical Bandpass Filter
PD		Photodiode
QAM		Quadrature Amplitude Modulation
QPSK		Quadrature Phase Shift Keying
OFDM		Orthogonal Frequency Division Multiplexing
RF		Radio Frequency
RoF		Radio over Fiber
SFDR		Spurious-Free Dynamic Range
SI-POF	Step-Indexed Plastic Optical Fiber
SNR		Signal-to-Noise Power Ratio
VCSEL	Vertical Cavity Surface Emitting Laser 
VSA		Vector Signal Analyzer
VSG		Vector Signal Generator
WLAN		Wireless Local Area Network
WPAN		Wireless Personal Area Network

5. RoF relay link applications at home and in-vehicle environment
(1) Outline and system architecture
In millimeter-wave radio access technology in 5G, shrink of the cell area covered by each base transceiver station demands to increase the number of the stations to keep the coverage area same as conventional mobile communication systems. For instance, under in-door conditions, small diffraction of the millimeter-wave radio signal limits successful connection even to next rooms from the access point. The millimeter-wave signal irradiated from the station set at the outdoor might not be received in cars, trains, and buildings by the shield effect of outside walls, window glasses, and metal plates of the vehicles. In this scenario, relay technology of the millimeter-wave signals improves the connectivity as well as the extension of the coverages; however, conventional relay technologies using a transceiver with digital signal processing feature for 3R (reamplification, reshaping, and retiming) has a large energy consumption for broad-bandwidth 5G signals. The system architecture is shown in Figure 1. The millimeter-wave frequencies, 60 GHz in particular, are utilized for indoor-type short range data communication such as WLAN and WPAN [IEEE802.11][IEEE802.15]. The disadvantages of millimeter-wave frequencies such as 60 GHz are a large attenuation loss due to gaseous, cloud and fog [ITU-R.P.676-9][ITU-R.P.840-5], as shown in Figure 2. The link budget of 60-GHz indoor systems is calculated using these attenuation characteristics.

[image: ]
Figure 1 System architecture of RoF relay link.

[image: ]
Figure 2 Attenuation characteristics of millimeter-wave frequencies [2].

Another important parameter to design indoor 60-GHz systems are the penetration loss of materials used for houses, as shown in Table 1. The extremely large insertion loss is added by the concrete wall whose penetration loss is greater than 40 dB. However, the penetration loss by plaster wall and glass is much smaller than that of the concrete. The 60-GHz frequency may propagate from one room to another one if these rooms are separated by either plaster walls or glasses. The concrete walls are generally used for in large part of rooms in the apartment buildings. The other transmission media between rooms separated by the concrete walls is required to transmit RF signals from one place to another, and vice versa.

Table 1 Example of penetration loss [2]
	Material
	Vertical polarization
	Horizontal Polarization
	Circular Polarization

	Concrete Wall
	＞40dB
	＞40dB
	＞40dB

	Concrete Board
	23.7dB
	25dB
	24.2dB

	Plaster Wall
	6.5dB
	5dB
	4.6dB

	Glass
	1.5dB
	1.3dB
	2dB



[image: ]
Figure 3 In-building RoF relay link for WLAN.

In Japan, the optical fiber cables are already installed in the apartment buildings and houses to provide FTTH services to the customers [OITDA.TP01/BW][OITDA.TP02/BW]. If O/E and E/O converters are connected to these equipped fiber cables, the millimeter-wave signals can be transmitted from one room to another one, and vice versa, where these rooms are wirelessly disconnected by the concrete walls.  The RoF link can extend service areas in the apartment buildings.

(2) System features
· Wireless zones are connected via RoF relay link. The individual wireless zones can support high-speed-data traffic requirements that are limited by the high throughput link capabilities.
· Traffic is bidirectional and is comprised of subcarriers which include data, voice, video, and any kinds of signals. These subcarriers are radio frequencies, such as 60 GHz frequencies. RoF relay link extends coverage areas without any performance degradation and any changes of traffic requirements.
· Environment can be home and apartment. The RoF realy link distance can be extended up to a few meters due to latency of E/O and O/E conversions. Typical areas which are connected via optical fiber cables are electromagnetically isolated. No degradation of system characteristics can be managed by use of RoF relay link.
· RoF relay link can carry any type of traffic due to broadband transmission capability and linear characteristics of E/O and O/E devices. No additional traffic conditions are introduced by RoF relay link.
· Use case
· Electromagnetic isolated spaces such as rooms of houses surrounded by concretes are directly connected through RoF relay link without any digital signal processing units of relay stations.
· In spite of physical and electromagnetic separation, one wireless zone is extended to another wireless zone through optical fiber cables.
· Users at different locations can take advantage of broadband multi-media applications.

(3) Application scenarios
In high-frequency radio access systems, such as a new radio scheme in a fifth-generation mobile communication system, high building entry loss in super high frequency bands and millimeter-wave bands prohibits the radio signal delivery over the air from an antenna outside into the building and inside the car. Particularly in the automobile car, smart devices such as a smartphone located at a footrest on passenger seats cannot receive such high-frequency radios under line-of-sight conditions by shielding effect caused by the metal panels.

6. System demonstration
(1) For in-home environment
Figure 4 shows a block diagram of the 60-GHz signal transmission experiment through an optical fiber cable.  The 60-GHz signals received by the 60-GHz receiver modulate the optical carrier from the LD. A polymer-based MZM was used because of its broadband modulation capability. An EDFA increased the optical power to compensate for the insertion loss of the MZM of around 20 dB. An OBPF with an optical bandwidth of 1 nm suppressed the amplified spontaneous emission noise caused by the EDFA to enhance the SNR. A PD with a bandwidth of 70 GHz detects the RF signals and sends it to the 60-GHz Transmitter.

[image: ]
Figure 4 Blockdiagram of system demonstration.

Figure 5 shows the amplitude frequency response of the RoF relay link shown in Figure 4. These intrinsic responses do not include the characteristics of electrical components. The measured link losses without fiber cable at a frequency of 40 GHz and 60 GHz are about -22 dB and -25dB, respectively. The difference of the link loss at each frequency depends on the amplitude frequency response of MZM optical modulator. The slope of the frequency response can be compensated by tuning the electrical devices such as amplitude equalizers.

[image: ]
Figure 5 Amplitude frequency response of RoF relay link.

A vector network analyzer is used for evaluation of the link gain and the SFDR. The electrical bandwidth of the network analyzer is 70 GHz. The SFDR is measured by a two-tone method whose separation is 1 GHz at a center frequency of 60 GHz. The RF output power of the fundamental and third-order intermodulation components is proportional to the input RF power and to the cubes of the power, respectively. The observed SFDR is about 80 dBHz2/3, as shown in Figure 6. We note that the noise floor used for evaluation of the SFDR is equivalent of that of the vector network analyzer.

[image: ]
Figure 6 SFDR characteristics of RoF relay link.

Figure 7 shows EVM characteristics at the 60-GHz transmitter output. The observed EVM of QPSK modulated signal is 3.3 % by an electrical back-to-back configuration and 12.7 % with a fiber cable length.  These results show that EVM is degraded by connection of RoF relay link, however there remain some possibilities to improve both SFDR and EVM of RoF relay link by selecting low noise RF amplifiers for PD output and RF driver amplifiers for MZM input. The optimum parameters of these devices will be determined according to system requirements. Figure 8 shows EVM characteristics of 16 QAM modulated signal and its spectrum. 14 % value was obtained. The center frequency of the spectrum is 64.8 GHz and the observed spectrum satisfies with the mask specified with IEEE 802.11 device.

[image: ]
(a) RF back to back               (b) RoF relay link with an optical fiber cable of 180 m
Figure 7 EVM characteristics of RoF relay link.

[image: ]
Figure 8 EVM characteristics of 16 QAM signal through RoF relay link.

Figure 9 shows the relationship between EVM and fiber cable length of RoF relay link. These results indicate that the EVM characteristics are independent from the fiber cable length but dependent from the center frequencies of each channel and modulation scheme of the transmission signals.

[image: ]
Figure 9 EVM vs. fiber cable length of RoF relay link.

(2) For in-vehicle environment
Higher environmental tolerance for in-vehicle applications rather than for in-home applications is required: for example, temperature and vibration requirements. From the viewpoint of the available frequency, connection tolerance and cost, we have two options: low-cost light-emitting diode (LED) and large-core step-indexed plastic optical fiber (SI-POF) system, and high-speed vertical cavity surface emitting laser (VCSEL) and broadband multi-mode fiber (MMF) system. In-vehicle applications require easy wiring/wire routing, workability and small footprint. Particularly in workability, safe connection feature of optical fibers is demanded because there are dusty conditions in automobile factories. Also, large tolerance of the connections of the fibers is a key under severe thermal conditions from –30℃ (near outer panels in winter season) to 100℃ (inside an engine room) and dusty conditions. Therefore, a traditional single-mode optical fiber (core diameter of 9 μm) is unfitted in this application; a large-core MMF with a core diameter larger than 50 μm is indispensable.

1 LED-POF-based system
Combination of low-cost LED and SI-POF has been utilized in digitized optical audio transport system standardized as a Sony/Philips digital interface (S/PDIF) in IEC 61937 [IEC61937]. Advantages of the SI-POF are easy wiring and large connection tolerance owing to a large core diameter of approximately 1 mm. This large core realizes smaller bend radius than that in a glass-based fiber. Moreover, the large core fiber has a great advantage to invasion of dusts in fiber facets. In general, sizes of house dust and lint, which are popular in houses and factories, are 10–100 μm, and thus, these dusts may be attached to a fiber facet to block the optical power when the worker or consumer tried to reconnect by attach/detach procedures. In this scenario, SI-POF has been never affected by these dusts because the core size is much larger than the size of the dusts [3]. However, mode dispersion of the fiber degraded the bandwidth product of the fiber by dispersion of the transmitting modes. In the case, the transmission bandwidth would be smaller than 100s MHz. Therefore, the radio relay system should be configured by direct relay for low-frequency radios or by implementation of frequency converters for microwave radios.
Figure 10 shows an example block diagram of LED-SI-POF-based relay system. A direct modulation to the LED provides double-sideband optical signal into the SI-POF transmission line. After the transmission, a PD set in the receiver regenerates the transmitted radio signal from the RoF signal. It should be noted that conventional LED has a 3-dB bandwidth of approximately 100 MHz, as similar to the PD utilized in S/PDIF standards. The transmitted radio signal would have a center frequency of 50 GHz with a bandwidth less than 100 MHz, in typical.

[image: ]
[image: ]
Figure 10 (top) expected block diagram of narrow-bandwidth optical systems for high-frequency radio relay link and (botoom) example setup of IF over fiber-based relay system by LED and SI-POF.

Obtained frequency response of the LED-SI-POF system, which is comprised of commercially available S/PDIF-compatible transmitter and receiver modules with 125-Gbit/s capability, is shown in Fig. 11. 10-dB bandwidth is achieved 100 MHz, and thus, a signal under test for transmission test is configured at a center frequency of 50 MHz with a bandwidth of 40 MHz, whose signal has a packet structure compliant with the IEEE802.11ac MCS 8 generated by a vector signal generator (VSG). The signal form is an orthogonal frequency division multiplexing (OFDM) with 256-ary QAM. Demodulated constellation maps, which are calculated by a vector signal analyzer (VSA), after 10-m SI-POF transmission is also shown in Fig. 12. Obtained EVM is achieved –32 dB, which is within relative constellation error limit of –30 dB. Therefore, the LED-SI-POF-based relay system will be useful for low-frequency radio services.

[image: ][image: ]
Figure 11 (left) frequency response of LED-SI-POF system with a fiber length of 1 m and 10 m and (right) demodulated constellation maps after transmission.

6.2.2	VCSEL-MMF-based system
Radio relay systems in super high frequency (SHF, 3–30 GHz) band is highly demanded for implementation to 5G mobile communication system. 28-GHz-based system has much smaller penetration length to walls in the buildings and, of course, metal panels configured for vehicles. For example, user devices such as a smart phone located in footrest in the car may not catch the radio signals at 28 GHz by shielding effect of glasses and metal panels as well as human bodies. LED-SI-POF-based relay system mentioned in 6.2.1 may be useful as a radio relay link with implementation of the frequency converters. On the other hand, simple radio relay without frequency conversions will be applicable as a simple solution. A vertical cavity surface emitting laser (VCSEL) is a possible candidate with broadband modulation capability, high optical SNR, and possibly low cost. The VCSELs have been already utilized for data center communication system (scalability of installation and low-cost feature); however, traditional VCSEL is used in on-off keying modulation, and thus, the system has poor linearity in modulation and demodulation. Developing new VCESL with a capability of four-level pulse amplitude modulation to provide 50 Gbit/s at a modulation speed of 25 GHz, which is based on multi-level modulation scheme in amplitude domain, has potentially better linearity in modulation. Therefore, this new generation VCSEL is applicable for high-frequency RoF relay system.
Figure 12 shows an example block diagram of VCSEL-MMF-based relay system.

[image: ]
Figure 12 Example setup of RoF relay system by VCSEL and MMF.

Figure 13 shows an example frequency response of a combination of 28-Gbaud 4-ary pulse-amplitude modulation (PAM4) VCSEL and the PD and the demodulated constellation maps with 40-MHz-bandwidth 256-ary QAM at a frequency of 15 GHz. It should be noted that the signal form is compliant to the IEEE802.11ac. 10-dB bandwidth of obtained response is approximately 10 GHz. 15-GHz-centered 256-QAM signal can be transmitted with an EVM less than 4%, which is agree with the specification in the transmitter limit. The VCSEL-MMF is applicable to the SHF-band signal relay.
For evaluation of the signal relay in a fifth-generation (5G) mobile communication system at a frequency of 28 GHz, 64-QAM OFDM with a number of subcarrier of 1200 and the subcarrier spacing of 75 kHz, which provides 90-MHz-bandwidth signal, is tested in 2-m-long MMF transmission [5]. The degradation in the received SNR is less than 10 dB after the transmission. In addition, demodulated EVM is achieved approximately 3%, which is within the limit of 8%. This system is capable for 5G mobile systems.

[image: ]
Figure 13 Signal power spectra of (a) input into the VCSEL and (b) received at the PD at a frequency of 28 GHz. (c) Demodulated constellation maps are also shown.

Obtained dynamic range within the EVM less than 8% is approximately 33 dB, when the received optical power is +2.2 dBm: expected link gain in the VCSEL-MMF system is –40 dB, as shown in Fig. 14. For the application to the radio relay system in the building, expected dynamic range would be 40 dB. In the case, the additional insertion of the amplifier after the PD will improve the link gain, finally the increase of the dynamic range.

[image: ]
Figure 14 Obtained dynamic range of the received signal at a frequency of 28 GHz.

Capability of broader bandwidth signals is important to evaluate the VCSEL-MMF systems applied to the future advanced radio systems, as well as the evaluation of the reception of the multi ratio access technologies. At the frequency of 28 GHz, the broad bandwidth signal with the bandwidth of 500 MHz and 750 MHz, which is modulated with a single-carrier 16-QAM, is transmitted as a signal under test for 10–80-m-long MMF (Fig. 15) [6]. Obtained EVMs are degraded at a fiber length longer than 50 m. This is caused by the connection loss between the fibers: the combination of 10-, 20-, and 50-m-long MMFs in the test. The connection loss is a key factor for the in-vehicle application because the harness and cables for control in the vehicle will have some joints to connect the cables each other. From the viewpoint, three connector conditions will be available to keep the signal quality in the VCSEL-MMF radio relay system.

[image: ]
Figure 15 (a) demodulated constellation maps of 500-Mbaud 16-QAM with various fiber lengths and (b) resultant EVM curves for 500-MHz and 750-MHz symbol rates.
7. Discussions
RoF relay transmission link at home environment is proposed to transmit RF signals from one place to the other whose places are wirelessly disconnected.  Data transmission experiment of RoF relay link is presented and EVM of transmitted signals are less 13 %. Additional delay time caused by RoF relay link is about 350 ns at a fiber cable length of 50 m. Spurious free dynamic range of RoF relay link is improved up to 80 dBHz3/2. Table 1 summarizes one examples of RoF-relay-link specification.

Table 1 Example of specification of RoF relay link.
	Bandwidth
	60 GHz +/- 1GHz

	Gain (at optical input power of +8 dBm)
	-7 to 8 dB (depends on config.)

	Noise figure (at optical input power of +8 dBm)
	~8 dB

	Latency
	<100 ns

	Optical wavelength
	1550 nm

	Receivable input power at O/E
	-20 dBm min. /+8 dBm max.
(changes Gain and NF)

	SFDR (at optical input power of +8 dBm)
	84 to 70 dBHz2/3 (depends on config.)



For in-vehicle environment, required specifications are different for those at home environment owing to its required costs and limited spaces.

8. Conclusion
Fiber cables installed in the house or apartment and in vehicles such as autonomous cars can be used as one of infrastructures to transmit analog radio signals from one place to the other which is electromagnetically isolated and vice versa, if adequate E/O and O/E devices with antennas are connected to optical fiber cables. The current study indicates that high-speed data transmission over 22 Gbps is feasible using broadband MZM optical modulator and high-sensitivity photodiode via 31-GHz carrier frequency [4]. The RoF relay link can be expected not only as indoor applications but also outdoor ones such as mobile radio relay stations.

Bibliography:
[1] A. Kanno, et al., “Multigigabit relay link using millimeter-wave Radio-over-Fiber technologies”, IEEE Photon. J., vol. 5, no. 6, pp. 7902909-1-10, Dec 2013.
[2] Y. Amano, et al., “Development of millimeter-wave video transmission system; (4) Indoor propagation measurement in Japanese wooden houses at 60 GHz”, 2000 Topical Symposium on Millimeter Waves (TSMMW2000), pp. 201-204, March 2000.
[3] A. Kanno, et al., “Radio over fiber-based radio relay link for indoor and in-car applications towards 5G/IoT era,” 2017 Asia Communications and Photonics Conference, Guangzhou, China, S3E.2, November 2017.
[4] T. Umezawa, et al., “22.4 Gbps photonic wireless transmission in single-carrier 16-QAM using high-sensitivity 34 GHz analog photoreceiver”, The 20th Opto-Electronics and Communications Conference (OECC2015), July 2015.
[5] T. Aiba et al., “High SHF band RF Signal over Multi-Mode Fiber Employing Directly Modulated VCSEL,” URSI Asia Pacific Radio Science Conference (AP-RASC) 2019, March 2019.
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