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Abstract: Efficient simultaneous transmission of light with a power of more than 2 W at a wavelength
of 976 nm and an optical carrier for transmitting a high-frequency analog signal at a wavelength of
1550 nm over a distance of 1 km over a standard single-mode fiber was experimentally demonstrated.
Electrical power up to 350 mW (5 V, 70 mA) was obtained from a multi-junction silicon photocell,
resulting in the optical transmission efficiency of about 70% and a photocell efficiency of 25%.
The power transmission did not affect the transmission of the high frequency analog signal. Key
broadband analog transmission characteristics such as noise figure (NF < 25 dB) and spurious-free
dynamic range (SFDR3 > 117 dB/Hz?”%) were achieved and were close to the fundamental shot noise
limit. This approach is promising for powering a remote antenna unit in optical fronthaul architecture.

Keywords: power-over-fiber; fiber optic link; microwave photonics; antenna remoting; optical
fronthaul architecture

1. Introduction

In the context of remote sound alert activation by optical means, the first proposals
for the use of fiber-optic communication lines in power delivery simultaneously with
information signal transmission date back to the late 1970s [1]. Since then, various systems
based on the power-over-fiber (PoF) transmission procedure have been developed to
supply those remote sensing and communication devices with power, which proved to be
inconvenient in supplying them with electrical supplies [2-5].

The use of the PoF technique eliminates the need for batteries, solar panels, and
long cupper feeder wires at remote sites, which improves system reliability and security
and reduces installation costs at remote sites. An optical fiber used in PoF is made of
nonconductive material, and it is immune to electromagnetic interferences. Devices with
PoF have a complete galvanic isolation to the ground potential and are immune to the
ground potential rise effects.

The radio over fiber (RoF) technology, which transmits optically carried radio-frequency
signals between the central station and a remote antenna unit (RAU), opens up new niches
for the PoF application [6]. The benefits of the RoF technology are clear; remote devices are
greatly simplified because the most expensive, heaviest, and power-consuming equipment
is now centralized, and the centralization of wireless access points or radio base stations
means that fewer radio resources are required to provide a given level of service. However,
supplying power to multiple RAUs is becoming a challenge, especially in 5G wireless
systems [7], where reducing the cell size to provide high bandwidth coverage implies
a significant increase in power demand due to massive installation of RAUs. Although
the efficiency of PoF is lower than that of using the traditional copper wires, it is able to
dynamically adjust the supply power according to the requirements of each RAU, which
can effectively reduce the overall power consumption of the 5G network [8].
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Over the years, the procedure of PoF transmission to RAUs based on double-clad
fiber (DCF) [9], multi-mode fiber (MMF) [10], and multicore fiber (MCF) [11,12] have been
demonstrated. Recently, optically powered RoF transmitting systems using a single mode
fiber (SMF) have been demonstrated [6,7,13], which is of particular interest because the
SMF is widely deploying in optical networks. Different wavelengths were used for the
power transmission. The shorter wavelength of 830 nm [6] provides higher photovoltaic
conversion efficiency, which is inversely proportional to the wavelength, while the longer
wavelength of 1064.8 nm [13] has lower losses in the optical fiber. The error-vector mag-
nitude is usually used to describe an influence of high power light on optically carried
information signals. This is a complex digital signal transmission characteristic that gener-
ally depends on the modulation format. Thus, more general criteria independent of the
modulation format are needed to evaluate optically powered RoF transmission systems.

We proposed an original SMF-based PoF configuration and have investigating the
achievable broadband analog transmission performance from an optically powered RAU
with a high frequency external Mach-Zehnder modulator. The wavelength of 976 nm
provides lower optical losses than 830 nm and can be converted by a cheaper and more
reliable silicon photovoltaic converter, in contrast to the A3B5-based converter used in
previous works. A commercially available 976 nm high power laser pump diode for erbium-
doped fiber amplifiers was used. The primary analog signal transmission characteristics
(gain, noise figure, and spurious-free dynamic range SFDR), independent of modulation
formats, were used to determine the effect of strong light on the RF signal.

2. System Configuration

The scheme of the proposed RoF transmitting system with optically powered RAU
is shown in Figure 1. The RAU is based on a dual output lithium niobate Mach-Zehnder
modulator (LN MZM) [14]. The titanium in-diffused optical waveguides [15] form an
optical scheme of the LN MZM. To accurately balance the modulator outputs, we used an
original technique for precise photorefractive trimming of X-type waveguide directional
coupler [16]. Push-pull traveling-wave electrodes provide broadband modulation with
a frequency band up to 20 GHz [17]. The LN MZM was set to the quadrature operating
point by a specially designed electronic system [18], which equalized the constant optical
power at different outputs of the modulator by applying a control DC voltage to the
bias electrodes.

The analog optical link included an optical carrier source and a balanced photodetector
at the central station (CS) in addition to LN MZM as a RAU. So-called quasi-depolarized
source [19] consisting of two laser diodes with distributed feedback was used as an optical
carrier source. Low-noise single-frequency laser diodes with relative intensity noise (RIN)
lower than—160 dB/Hz were used. Radiation from the diodes was combined into one
standard SMF in the form of two orthogonal polarization components of equal amplitude
using a fiber polarization combiner, which eliminates the polarization fading caused by LN
MZM anisotropy. The wavelengths of laser diodes were chosen so that the frequencies of the
interference beats were outside the band of transmitted high-frequency information signals.

The balanced detector was assembled from two chips of broadband photodiodes.
Diodes with a saturation current of 30 mA were taken to operate with a sufficiently high
optical power. The diodes were selected with the same response efficiency and similar
spectral characteristics to provide high common-mode noise rejection (about 20 dB). Note
that in the balanced detector scheme, the frequency response bandwidth was two times
narrower compared to the bandwidth of responses of each photodiode separately, which
was 10 GHz.



Photonics 2023, 10, 17

30f8

RF signal

output
—

SMF-28, 1000 m

(0

DFB LD
1550 nm

DFB LD
1550 nm

-

LD
980 nm, 1W

LD
980 nm, 1W

SMF-28, 1000 m

1 1
1 1
1 1
1 1
1 1
1
1 1
1 1
1 1
______________ | R 1
1 1
1
@ 1 Bias RF signal '
; voltage input :
SMF-28,1000m | !
: Electronics 1
.............. . (A
: T DC: 1 1
i 8V, 70MmA |
PoF | v
' Si PVC ' !
1 1 1
1 1 1
T 1
1 a4

MOMYNb @ yanner
THATIbH

CUTHATIHOTO

Figure 1. (a) Schematic diagram of the proposed system based on the RoF technology with optically
powered RAU. (b) Central station (CS) layout: 1—balanced photodetector, 2—quasi-depolarized
source optical carrier source (1550 nm), 3—high power light source (976 nm), 4—control electronics,
5—power supply. (c) Remote antenna unit (RAU): 1—LN MZM with operation point control elec-
tronics, 2—optical carrier input (blue fiber) and RoF signal output (white fiber), 3—RF signal input,
4—power input, 5—electrical output of the photovoltaic converter, 6—Si-based photovoltaic con-
verter, 7—optical input of the photovoltaic converter.

The PoF system used two 1 W laser diodes at a wavelength of 976 nm. These are the
standard pump lasers for erbium doped fiber amplifiers (EDFA), which have also been
multiplexed with a polarization combiner. The wavelength was chosen as a tradeoff be-
tween optical-to-electrical conversion efficiency of the photovoltaic power converter, which
is inversely proportional to the wavelength and optical loss in SMF, with the minimum
at 1550 nm. The wavelength spacing between the high-power light and the signal optical
carrier was large enough to avoid the high-power light transformation to the signal light
due to nonlinear effects such as stimulated Raman scattering.

The high power light and signal optical carrier were combined in the 1 km single SMF
fiber (Corning SMF-28e) with a core diameter of 8.2 um using 1550/980 nm wavelengh
division multiplexer (WDM), which is commonly used in EDFA for pump launching.
The same 1550/980 WDM was used to separate them at LN MZM input. Silicon multi-
junction photovoltaic converter (YCH-H003, MH GoPower) was used for optical to electrical
conversion. An acceptable temperature regime of the converter was provided by passive
cooling using an aluminum radiator.
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Thus, only standard commercially available telecom components have been used in
the proposed cost-effective approach for the co-transmission of high-power light and signal
optical carrier.

3. PoF System Efficiency

The power transfer efficiency is a product of optical-to-electrical conversion efficiency
of the photovoltaic power converter and optical loss, which is attributed to the insertion
loss of the used fiber optical components such as the 1550/980 WDM and the transmission
loss of SMF at 976 nm. Figure 2 a presents the optical power at the input of photovoltaic
power converter after transmission of the high power light over 1-km SMF versus optical
power at the input 1550/980 WDM. A linear dependence with a slope corresponding to
about 70% of the optical transmission efficiency indicates good suppression of nonlinear
effects, especially stimulated Brillouin scattering. Figure 2b shows the I-V characteristic of
the photovoltaic converter at the maximum (1.4 W) optical power at its input. An electrical
power of 350 mW (5 V, 70 mA) can be obtained, which is sufficient for the power supply of
the electronic system for control and stabilization of the modulator operation point and
high-frequency low noise preamplifier.

1500

f 420

F 350
1000 A I —
L 280 =
£ E
500 A § F 210 g
3 - 140 ©

0 ; ; . L 70

0 500 1000 1500 2000 0 T r T 0
Input optical power (mW 0 2 4 6 8 10
: P P ( ) Voltage (V)
(a) (b)

Figure 2. (a) 976 nm transmission efficiency through 1 km SMF-28 optical fiber. (b) I-V characteristic
of the photovoltaic converter.

Some light at wavelength of 976 nm penetrates through the output 1550/980 WDM
to the input of LN MZM and potentially could provide excessive noise in high-frequency
signal carried at 1550 nm.

4. High Frequency Analog Signal Transmission Performance

The performance of analog optical links is usually evaluated using the same param-
eters that are used to characterize other radio frequency components [20]. The primary
ones are: (1) gain; (2) bandwidth; (3) noise figure (NF); and (4) spur-free dynamic range
(SFDR). Let us highlight the key features of the system under investigation. Dispersion and
nonlinearity in the fiber have a negligible effect on link performance due to a short length
of fiber optic link (1 km). The performance of only so-called intrinsic link was measured.
The intrinsic link consists of a modulation device and a demodulation device with passive
components for impedance matching and a short (1 km) fiber optic cable to connect them.
We deliberately exclude any amplification, both RF and optical, to avoid their interfering
effects (addition noise and nonlinear distortion), thereby increasing the visibility for an
influence of the high-power light transmission on the link parameters.

The proposed fiber optic link was tested in two modes. In the first mode of amplitude
modulation with direct detection (the standard mode), only one LN MZM output was
connected to one photodiode of the balanced photodetector. There is no noise suppression
in this mode, and the effect of high-power light transmission should be more noticeable. The
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second mode used two arms and demonstrated effective noise suppression (the balanced
mode). Note that for effective noise suppression, the optical lengths of the two arms must
be equal.

Let’s start by measuring frequency dependence of the link gain (Figure 3). A rather
high gain was associated with a high power of the signal laser diodes. The gain in balanced
mode was 6 dB higher than in standard mode, as predicted by theory [21]. The increase
in gain in the balanced mode is associated with a twofold increase in the total optical
power of the carrier after LN MZM and the summation of the signal amplitudes in two
arms. The frequency range was mainly determined by the bandwidth of the photodetector
and was somewhat narrower for the balanced mode due to some difference in the lengths
of the arms. No noticeable effect of powerful light on the gain was observed in both
operating modes.
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Figure 3. Frequency dependence of the optic link (gain). (1) is the standard mode of amplitude
modulation with direct detection, (2) is the balanced mode.

The noise performance was characterized by the noise figure (NF), which is the
degradation of signal-to-noise ratio (SNR) when input noise is the thermal noise generated
at 290 K [19]. Firstly, the optical noise power density (Figure 4a) was measured at the
input of LN MZM. A noticeable increase in the noise power density was observed when
the high-power lasers at 976 nm were switched on. This addition noise is related to a
penetration of light with a wavelength of 976 nm through 1550/980 WDM. NF was above
30 dB (Figure 4b) without noise suppression and reduced lower than 25 dB in the balanced
mode. The so-called “shot noise limit”, when shot noise dominates the power spectral
density of the output noise, can be estimated using the expression for the shot noise power
spectral density [21]:

Ny, = 2qIpcR|H|? (1)

where g = 1.6 x 1071 C is the electron or elementary charge, Ipc is the DC current on the
photodetector, R is the load resistance (50 (2), and H is the sensitivity of photodetector
(typical value is 1), which generally depends on RF frequency. Expression (1) in the decibel
form rewritten as:

Ny, [dB/Hz] = —174 — 101log(Ipc[mA]) ()

—174 dB/Hz is the thermal noise of the load resistance of 50 (). The noise factor can be
calculated from the standard definition [21]:

Ngy[dB/Hz] = 22.1 — 10log(Ipc[mA]) + 20log(V[V]) ®)
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where V' is a half wave voltage of the LN MZM. For the parameters of our RoF system
(Ipc = 13 mA and V,; = 3.5 V), NF in the shot noise limit is estimated to be 22 dB. The
experimentally achieved value was about 25 dB, which is only 3 dB higher. Thus, the
additional noise caused by high optical power transmission in the PoF system could
be suppressed efficiently by balancing detection and weakly affects the transmission of
broadband analog radiofrequency signals.
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Figure 4. (a) The optical noise power density versus radio frequency: (1)—976 nm LD is switched off,
(2)—976 nm LD is switched on. (b) Noise figure as a function of signal frequency (1) is the standard
mode of amplitude modulation with direct detection; (2) is the balanced mode.

Figure 5 shows the spurious free dynamic range, which was about 110 dB/Hz*? for the
standard link and increased to the 117 dB/Hz?? for the balanced configuration.
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Figure 5. The spurious free dynamic range as a function of signal frequency; (1) is the standard mode
of amplitude modulation with direct detection, and (2) is the balanced mode.

5. Conclusions

To summarize, light with a power of more than 2 W with a wavelength of 976 nm was
used in the PoF system over a distance of 1 km with a standard single-mode fiber. Electrical
power up to 350 mW (5 V, 70 mA) was obtained from a multi-junction silicon photocell,
resulting in an optical transmission efficiency of about 70% and a photocell efficiency of
25%. These results are comparable to previous results of simultaneous transmission of
1064.8 nm high-power light and 1550 nm 5G NR 64QAMOFDM optical signal over 1 km
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single-mode fiber [13]. Note that for a given power delivery distance, there is an optimum
wavelength with maximum transmission efficiency, which is a compromise between optical
fiber loss, with a minimum at 1550 nm, and photovoltaic converter efficiency, which is
inversely proportional to wavelength. The additional advantage of the wavelength (976 nm)
is the availability of standard commercially available fiber optic components, laser diodes
for EDFA pumping, and a cheaper and more reliable silicon-based photovoltaic converter,
making our approach very cost-effective. The maximum transmitted optical power may be
increased in the future by wavelength multiplexing.

Power transmission of light with a wavelength of 976 nm was carried out simul-
taneously with transmission of the optical carrier at 1550 nm to a remote modulator.
High-power light with a wavelength of 976 nm only slightly affects the transmission of
the high-frequency analog signal. Additional noise caused by high optical power trans-
mission in the PoF system can be suppressed efficiently by balancing the detection. Key
broadband analog transmission characteristics such as noise figure (NF < 25 dB) and
spurious-free dynamic range (SFDR3 > 117 dB/Hz%?) close to the fundamental shot noise
limit were achieved.

The approach reported in this work is promising for powering a remote antenna unit
in optical fronthaul architecture. The use of transmitted power for signal amplification and
improvement of RoF performance is the subject of future research and system optimization.
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