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ABSTRACT We propose and report the implementation of a multiband and photonically amplified fiber-
wireless (FiWi) Xhaul based on radio over fiber (RoF) technology and four-wave mixing (FWM) nonlinear
effect, aiming 5G applications. The proposed ultra-wideband approach enables to simultaneously transport
and amplify multiple radiofrequency (RF) signals through optical links, which might be employed as
backhaul, midhaul or fronthaul of cellular systems. The FWM effect, originated from the use of 35-
m highly nonlinear fiber piece, gives rise to RF gain, when compared to conventional RoF (CRoF)
systems. We demonstrate our technique allows replacing two conventional RF amplifiers with enhanced
digital performance and/or significantly increasing the system throughput in 2.4 times, attaining 12 Gbit/s.
Furthermore, a dual-band (7.5 and 28.0 GHz) wireless fronthaul, preceded by a 12.5-km optical midhaul,
illustrates the multiband and photonically amplified FiWi Xhaul, by means of providing performance in
terms of root mean square error vector magnitude (EVMRMS) in accordance to the 3GPP recommendations
and at low phase noise level.

INDEX TERMS 5G networks, four-wave mixing, microwave photonics, optical-wireless networks.

I. INTRODUCTION
International mobile telecommunications (IMT) for 2020 and
beyond claims for a physical layer network review, as well
as the use of innovative technical solutions to fulfill the
next generations scenarios and tough requirements. Partic-
ularly, the fifth generation of mobile networks (5G) con-
ceives Gbit/s throughput, reliable mobility, low latency and
user experience continuity toward human and machine-
centric applications [1]. 5G is going to take advantage
of new waveforms, high-performance antennas, additional
spectrum bands including millimeter-waves (mm-waves)
and massive multiple-input multiple-output (mMIMO)
techniques [2]–[5]. In parallel, trends on network planning
point out to optical-wireless convergence and mobile dense
heterogeneous networks (HetNet), which consist of a mix
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of cell sizes with simultaneous radio access technologies
(RATs) and the integration of backhaul (BH) and fronthaul
(FH) into a common transport network called Xhaul [6]–[8].
As a consequence, the radio access network (RAN) should
evolve towards creating unprecedented levels of flexibility
to the software layer, allowing virtual network functions to
be performed anywhere from cloud to the edge. In this way,
future RANs are going to be aligned with the imminent
increase on the number of the HetNet base stations (BS) [9],
as well as cloud-based resources.

In distributed RAN (D-RAN), the baseband unit (BBU)
is physically located with the remote radio unit (RRU) in
BSs. On the other hand, cloud/centralized RAN (C-RAN)
keeps RRU close to the antenna and displaces BBUs from
the remote cell sites to a unified central office (CO), giving
rise to the BBU pool concept. In such a way, the BBU pool
can be directly connected to diverse RRUs, by using FH as
a physical link, which is mostly based on single-mode fibers
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(SMFs). Another typical way to connect BBUs and RRUs on
C-RAN is employing an optical midhaul (MH) up to a dis-
tribution unit (DU), followed by wireless and/or optical FHs.
C-RAN brings the benefits of straight-forward communica-
tion among co-located BBUs, reuse infrastructure, simplify
network operations and management, support of multiple
technologies, reduce energy consumption and lower capital
expenditure (CAPEX) and operational expenditure (OPEX),
moreover, the network becomes more heterogeneous and
self-organizing [9]. Once implemented, the C-RANwill bring
other benefits, such as easier and faster network deployments
and increased network flexibility.

Microwave photonics (MWP) has been recognized as an
important enabler for the emerging broadband and multiband
5G systems, bringing diverse techniques for enhancing the
mobile system performance and making the mm-waves
use feasible [10]–[12]. Indeed, the photonics technologi-
cal maturity on broadband radiofrequency (RF) generation
and processing has empowered the development of diverse
photonics-assisted devices, such as analog-to-digital convert-
ers [13], RF filters [13], RF phase shifter [14], RF up and
down-converters [13], [15], RF front-ends [16], [17] and
RF amplifiers [18]–[21]. Particularly, our research group has
intensely worked on photonics-assisted RF amplification in
the last years [19]–[21], including a demonstration of con-
stant RF gain up to 27 dB over an ultra-wideband from
300 kHz to 50 GHz [21]. In this context, our main goal is
reducing or even eliminating the requirement for broadband
high-gain electrical amplifiers at RRU, which impose noise
and are challenging/expensive mainly in the mm-waves band.
Interference and nonlinear impairments imposed to multi-
ple frequency bands are commonly caused by non-perfectly
linear-gain amplifiers [22]. Many investigations in litera-
ture and comparisons among multiple photonics-based tech-
niques and electronic-microwave amplifier-stages indicate
that the signal degradation comes mainly from the electronic
devices [23].

Finally, fiber-wireless (FiWi) systems based on ana-
log radio over fiber (RoF) technology have been consid-
ered as a potential candidate for mobile MHs and FHs,
as well as an attractive solution over common public
radio interface (CPRI), which suffers from significant scal-
ability issues [24], [25]. RoF-based FiWi systems make
possible to concentrate most pieces of hardware at the
BBU pool and transport multiple RF signals to densely
distributed RRUs, exploiting the existing wavelength-
division-multiplexing passive optical network (WDM-PON)
capillarity [26]. All these features create unprecedented levels
of flexibility to deploy higher-layer network functions closer
to BBUs in CO.

The current work introduces the concept and reports the
implementation of a multiband and photonically amplified
FiWi 5GXhaul based on RoF technology and four-wavemix-
ing (FWM) nonlinear effect. Our main contributions over the
state-of-the-art are the following ones: a novel technique for
providing photonics-assisted RF amplification using only one

laser, replacing two broadband RF amplifiers with enhanced
digital performance; a new architecture for photonics-assisted
RF amplification, in which the optical pump is coupled after
the electro-optic modulation process; the implementation of
a dual-band and Gbit/s FiWi 5G Xhaul based on the unprece-
dented photonics-assisted RF amplification (PAA) technique
and architecture, using a dual-driveMach-Zehnder modulator
(DD-MZM).

The manuscript is structured in five sections. Section 2
introduces our concept of multiband and photonically
amplified FiWi 5G Xhaul based on RoF and FWM.
Section 3 describes the novel photonic-assisted RF amplifi-
cation technique and reports its experimental characterization
as a function of different figures of merit, such as RF gain,
phase noise and root mean square error vector magnitude
(EVMRMS). Section 4 presents the implementation of the
multiband and photonically amplified FiWi Xhaul. Finally,
the conclusions and future works are outlined in Section 5.

II. MULTIBAND AND PHOTONICALLY AMPLIFIED FIWI
5G XHAUL BASED ON ROF AND FWM
Fig. 1 illustrates our concept of multiband and photoni-
cally amplified FiWi 5G Xhaul based on RoF and FWM,
in which the PAA block is located at CO, jointly with the
BBU pool. The central office can access DU through optical
midhauls or be directly connected to RRU using an optical
fronthaul. In this way, X-haul links in conjunction with the
PAA block could be exploited for simultaneously distribut-
ing and amplifying multiple cellular signals from diverse
telecom operators, aiming to share the infrastructure. The
same wavelength might be used for transporting all desired
RF signals and/or frequency bands, for instance using dual-
driver Mach-Zehnder modulators [26], with the purpose of
significantly reducing CAPEX and enhancing the overall
system performance. Furthermore, the proposed architec-
ture provides benefits for the IMT system software layers,
since it enables physical/link layer functional splitting, such
as the separation of the user and control planes in higher
layers [27]. This functionality allows network functions to
be deployed as specialized devices or virtualized as virtual
network functions (VNFs) [28], by reason of the PAA block
is transparent to higher layers. Depending on the required
bandwidth, delay and synchronization, physical/link layer
functions can be accomplished in hardware or software. The
optimal split can be dynamically achieved by software-based
orchestration and control, reacting to changes in traffic load,
service requirements and failures. Additionally, software-
defined networking (SDN) allows virtualization of physical/
link layer resources as a service, i.e. through com-
puter programs [29]. Applications in the upper layers
can request slices of network, processing and storage
resources, creating customized slices of network func-
tions and transport in Xhaul. In other words, the optimal
physical/link layer functional splitting can be performed
as a function of the 5G vertical, since requirements are
very different. As a conclusion, it becomes feasible an

44382 VOLUME 8, 2020



E. S. Lima et al.: Multiband and Photonically Amplified FiWi Xhaul

FIGURE 1. Multiband and photonically amplified fiber-wireless Xhaul: BBU- baseband unit; RRU- remote radio unit; PAA- photonics-assisted RF
amplification; UE- user equipment.

FIGURE 2. Proposed photonics-assisted amplification technique architecture: RF1- 7.5 GHz electrical driven-signal; RF2- 28.0 GHz
electrical driven-signal; LD- laser diode; PC1- polarization controller 1; DD-MZM- dual-drive Mach-Zehnder modulator; PC2- polarization
controller 2; OC- optical coupler; EDFA- erbium-doped fiber amplifier; HNLF- highly nonlinear fiber; OTPBF- optical tunable passband
filter; SMF- single mode fiber; VOA- variable optical attenuator; OPM- optical power monitor; PD- photodetector.

optimal combination of network function virtualization
(NFV), SDN and C-RAN, with the purpose of providing
flexibility and robustness. The traffic from BBU pools can be
dynamically directed to proper VNFs via NFV orchestration
and SDN control. Elasticity of network functions accord-
ingly to established slices is also possible, providing load
balancing and optimal resource utilization in the software
layer.

III. NOVEL PHOTONIC-ASSISTED RF
AMPLIFICATION TECHNIQUE
The novel photonic-assisted RF amplification technique dif-
fers from the previous ones [16], [18]–[21] mainly due to
the concept and validation of a novel photonics-assisted RF
amplification technique based on the use of only one optical
pump, as schematized in Fig. 2. Moreover, contrary to our
previous papers, the optical pump is now continuous (CW),
since it is coupled to the data signal after the electro-optic
modulation process. One more novelty is the use of a dual-
drive Mach-Zehnder modulator for simultaneously amplify-
ing two distinct frequency bands. Nevertheless, it continues
to exploit the four-wave mixing nonlinear effect for photoni-
cally amplifying RF signals, from baseband to extremely high
frequency (EHF).

A laser diode (LD) generates an optical carrier at
λ1 = 1, 555.35 nm, which is modulated at 7.5 and 28.0 GHz
using a DD-MZM. Both bias voltages (VBIAS1 and VBIAS2)
are properly set between quadrature and null points for opti-
mizing the photonics-assisted RF gain. An optical coupler
(OC) is then used to combine the modulated optical carrier
with a single continuous pump at λ2 = 1, 557.55 nm.
An erbium-doped fiber amplifier (EDFA) amplifies both
wavelengths and launches them into a highly nonlinear fiber
(HNLF) for generating FWM products. The HNLF main
parameters are the following: length L = 35 m; zero-
dispersion wavelength λ0 = 1, 557.00 nm; attenuation
α = 0.8 dB/km; dispersion slope S0 = 0.023 ps/nm2/km;
nonlinear coefficient γ = 28W−1km−1; effective area Aeff =
8.9 µm2. It is important to highlight differently to our previ-
ous works [19]–[21], in which hundreds of meters of HNLF
had been used, we have applied only a short HNLF piece
of 35 m, with the aim of avoiding the stimulated Brillouin
scattering (SBS) effect and, consequently, maximizing the
FWM efficiency.

An optical tunable passband filter (OTPBF) selects the
first left FWM product (λ3 = 2λ1- λ2), due to the higher
correlation with the modulated carrier in comparison with
the first right FWM product (λ4 = 2λ2 − λ1). Such higher
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FIGURE 3. Comparison between PAA and CRoF spectra.

correlation is due to the fact only λ1 is modulated, contrarily
to λ2 that is continuous. The selected product is launched into
a single mode-fiber-based 12.5-km dual-band optical Xhaul.
A variable optical attenuator (VOA) and an optical power
monitor (OPM) are used for controlling and measuring the
optical power level at the photodetector (PD) input, respec-
tively, which performs the optical-to-electrical conversion
(O/E) of both RF signals.

The photonic-assisted RF amplification [19]–[21] pro-
vides higher RF power level (RFout) and signal-to-noise ratio
(SNR) improvement, when compared to a conventional RoF
(CRoF) system at the same optical power. It is worth high-
lighting we have used an EDFA not only for compensating
the optical losses, but also to increase the optical power
level at the HNLF input for stimulating FWM effect and
enhancing its efficiency. Only using EDFA would boost the
optical power and, consequently, the electrical one. However,
the high optical power level could saturate and even damage
photodetector, since its maximum allowed power is typically
from 0 to 2 dBm. For example, Urick et al. [30] proposed a
technique based on the use of two optical amplifiers and high-
power and expensive photodetectors, whereas our approach
only add a piece of HNLF and one optical amplifier. There-
fore, the PAA use enables to provide photonics-assisted RF
gain at low-level optical power for making possible to use
low-cost conventional photodetectors.

The photonics-assisted RF gain is defined as the RF power
level between PAA and CRoF for the same optical power.
Fig. 3 presents the optical spectra comparison between PAA
and CRoF. One can note at the HNLF output multiple
FWM products and their respective sidebands separated by
28.0 GHz (RF2). The sidebands from the 7.5 GHz signal
(RF1) could not be visualized due to the optical spectrum
analyzer (OSA) minimum resolution, which is 0.07 nm.
By analyzing Fig. 3 as a function of the number of side-
bands and their power level, it becomes clear the photonics-
assisted RF gain dependence with the FWM efficiency
and modulation index (MI). Our research group has been

TABLE 1. Optical and electrical power levels.

working in reducing the PAA required power level in the
last 04 years [16], [19]–[21] and already made a significant
progress. In our publication [16] the PAA required optical
power was around 23 dBm, whereas in the current paper was
20 dBm. Our main goal is enhancing the technique, as well
as using higher-performance components, for eliminating
EDFA.

The novel photonic-assisted RF amplification technique
characterization has been performed as a function of the
system transmission parameters, including the two RF sig-
nals power levels, laser and pump optical power levels
and DD-MZM bias voltages. Table 1 summarizes the best-
obtained set of parameters for maximizing the RF gain and
minimizing phase noise, ensuring 20-dBm optical power at
the HNLF input.

The first PAA characterization step consisted on imple-
menting a dual-band optical midhaul [31] with photonics-
assisted RF gain, aiming to simultaneously transmit a
modulated signal at 7.5 GHz and a continuous wave signal at
28.0 GHz in order to evaluate the digital performance in the
lower frequency band in the presence of the higher frequency
band. One of the key features for the future X-haul networks
is the extremely throughput demand from 5G wireless access
networks. Aiming this context, the novel PAA approach has
also been evaluated using a 2-GHz bandwidth RF signal at
7.5 GHz, as reported in Fig. 4(a). The photonic-assisted RF
amplification provides approximately 19 dB flat gain for the
entire broadband digital signal with 2 Gsymb/s, without dis-
tortions and noise floor increment. Complementary, we have
investigated the system phase noise, which is a key param-
eter for electrical oscillators, as well as photonics-based RF
generation and processing. The presence of high phase noise
in communication systems degrades the digital performance
due to random phase variations. Fig. 4(c) reports the phase
noise measurements, which were obtained by using theMXA
(N9020A) signal analyzer from Keysight Technologies in the
phase noise measurement function. We have measured the
phase noise of the vector signal generator (PSG E8267D)
and novel PAA approach, which has not increased the system
phase noise up to 150 kHz frequency offset. This parameter
has increased from 150 kHz to 10 MHz frequency offset,
however, it has been kept around −120 dBc/Hz, i.e. keeping
low phase noise level.

The optical pump impacts directly in the RF gain, since
high optical power levels are necessary for enhancing four-
wave mixing products generation. Moreover, the FWM
efficiency can be further optimized by setting the laser and
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FIGURE 4. Proposed technique characterization at 7.5 and 28.0 GHz:
(a) 2-GHz bandwidth spectra at 7.5 GHz; ( b) 2-GHz bandwidth spectra at
28.0 GHz; (c) Phase noise measurement at 7.5 GHz; (d) Phase noise
measurement at 28.0 GHz; (e) SNR and EVMRMS as a function of pump
optical power at 7.5 GHz; (f) SNR and EVMRMS as a function of pump
optical power at 28.0 GHz.

pump wavelength close to the HNLF zero-dispersion wave-
length [32], [33]. Fig. 4(e) reports the digital performance
as a function of pump optical power in terms of SNR and
EVMRMS, by means of driving DD-MZM with a 4 Gbit/s
16-QAM signal at 7.5 GHz with 0.15 roll-off factor. The
modulated signal has been transmitted over 12.5-km opti-
cal midhaul and analyzed by using a digital signal analyzer
(DSA Z632A). The best results have been obtained from
−7 to 3 dBm optical power. Out of this range, EVMRMS
increases and SNR decreases due to two distinct reasons:
power level lower than −7 dBm results in low FWM effi-
ciency and, consequently, RF gain reduction; for power level
higher than 3 dBm, the filtered FWM product power is
increased, however, the optical pump power mainly benefits
the right side FWM products, which not contributed to RF
gain generation.

The second PAA characterization step relied on carrying
out the same experiments by applying the modulated signal
at 28.0 GHz and a CW signal at 7.5 GHz, with the purpose of
investigating the higher frequency band digital performance
in the presence of the lower frequency one. Fig. 4 (d) displays
the phase noise measurements of PAA and RF generator at
28.0 GHz. The novel photonics-assisted amplification tech-
nique has not considerably incremented the residual system
phase noise, which has been kept around −112 dBc/Hz.
Additionally, 2-GHz bandwidth RF signal spectra have been

FIGURE 5. The novel PAA throughput analysis, at the same electrical
power, as a function of EVMRMS: (a) block diagram; (b) 7.5 GHz;
(c) 28.0 GHz.

measured in order to evaluate the RF gain in a broadband
scenario, as reported in Fig. 4(b). One can note 15 dB ampli-
fication for the entire bandwidth. A digital performance has
been carried out by analyzing the EVMRMS and SNR as a
function of pump optical power for a 3 Gbit/s 64-QAM signal
with 0.15 roll-off factor, resulting on 575 MHz occupied
bandwidth (Fig. 4(f)). One can observe EVMRMS values
below 8.0% and SNR up to 30.6 dB for a pump optical
power variation from−13.0 to 12.5 dBm. These results are in
accordance to the 3GPP Release 15 specifications [34], [35],
namely: EVMRMS below 3.5%, 8.0% and 12.5% for 256-,
64- and 16-QAM, respectively.

The next step on the novel PAA technique characterization
was the throughput analysis using the two proposed bands
simultaneously, as presented in Fig. 5, and as a function
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FIGURE 6. The novel PAA throughput analysis as a function of EVMRMS
with the same RF front-end.

of the 3GPP Release 15 specifications. Conventional purely
electrical RF amplifiers, with 24-dB total gain, have been
added to the CRoF system output for comparison purposes as
presented in Fig. 5 (a). In this way, the novel PAA technique
and CRoF have been properly compared approximately at
the same RF power level. At 7.5 GHz (Fig. 5(b)), we have
transmitted 16-, 64- and 256-QAM signals, which resulted
in 8.0, 12.0 and 16.0 Gbit/s throughput, respectively. One
can observe an enhanced digital performance for PAA in
all cases, due to its remarkable advantage of photonically
amplifying the RF signal without adding noise. Similarly,
throughput up to 8.0 and 10.9 Gbit/s with superior per-
formance has been enabled by using the novel PAA tech-
nique for simultaneously distributing and amplifying 16 and
64-QAM signals at 28.0 GHz (Fig. 5(c)), respectively. The
3GPP recommendation in terms of EVMRMS has been
attained in all evaluated cases. As a conclusion, the novel
PAA technique might be considered potential for either
reducing the number of RF amplification stages or eliminat-
ing purely electrical RF amplifiers in optical Xhauls.

Finally, the system throughput enhancement was prop-
erly validated in the 7 GHz band, by means of removing
the conventional RF amplifiers from the CRoF and com-
paring it to PAA at the same photodetected optical power.
As expected, PAA provided 19-dB RF gain over CRoF,
which implied in improved SNR and, consequently, higher
throughput, as reported in Fig. 6. One can note the CRoF
system reaches the 3GPP EVMRMS limit at approximately
8 and 4.9 Gbit/s for 16- and 64-QAM, respectively. By using
the PAA topology, throughput was increased up to 8 Gbit/s
for the 16-QAM and 12 Gbit/s for 64-QAM, which resulted
in 2.4 times increment for the higher modulation order. Even
though both topologies have enabled the same throughput
operating with 16-QAM, it is important to highlight PAA
has reduced the EVMRMS from 12.5% to 4%, thus it would
be capable to provide even higher throughput in case the
bandwidth would be further increased.

IV. DUAL-BAND AND PHOTONICALLY AMPLIFIED FIWI
5G XHAUL IMPLEMENTATION
The dual-band and photonically amplified FiWi 5G Xhaul
implementation is described in terms of block diagram
in Fig. 7. It takes advantage of photonic and wireless tech-
nologies in a unique architecture, which consists of a broad-
band optical MH (link between CO and DU), followed by
a dual-band wireless FH (link between DU and RRU). The
novel PAA approach has been interfacedwith the RoF scheme
at CO, by assuming a setup in accordance to that presented
in the previous Section. Both 7.5 and 28.0 GHz RF-driven
signals have been launched into the 12.5-km reach MH,
composed by single-mode fiber. At DU, RF1 and RF2 have
been recovered by using a wideband photodetector (PD),
amplified by the electrical amplifier 1 (EA1) with 24 dB
gain and then separated by using a diplexer. Additionally,
RF1 and RF2 have been individually amplified using nar-
rowband purely-electrical amplifiers (EA2 and EA3 with
20- and 35-dB gain, respectively), before feeding a frequency
selective surface (FSS)-based dual-band parabolic antenna
(DBPA) [36], [37] for simultaneous radiation. Posterior, a
10-m dual-band wireless FH has been implemented as a
proof-of-concept. On the other side, the following antennas
have been employed to receive the RF signals at RRU: 10 and
13-dBi gain horn antennas at 7.5 and 28.0 GHz, respectively.
The received RF signals have been independently amplified
by low noise amplifiers (20-dB gain EA4 and 35-dB gain
EA5) and finally analyzed by using a vector signal analyzer
(VSA). Fig. 8 displays some experimental setup photographs.

The FSS-based DBPA has been proposed by our research
group as a technical solution for extremely high capacity
wireless fronthauls, by means of simultaneously transmitting
two frequency bands at high gain [36], [37]. Fig. 9(a) presents
the antenna operational principle and its main parts, which
is composed of a 60-cm diameter main reflector, two horn
antennas acting as feeders in the C- and Ka-bands and an
FSS-based subreflector (FSS-SR). At 7.5 GHz, the electro-
magnetic wave from the C-band feeder is directly reflected
by the main reflector to be radiated (dashed arrow), since the
designed FSS-SR is transparent to this band. On the other
side, the signal from the Ka-band feeder at 28.0 GHz is
reflected back to the main reflector by the FSS-SR in order to
be radiated in the same direction (solid arrow) as a Cassegrain
antenna. In this way, the proposed antenna consists of inte-
grating a focal-point and a Cassegrain antenna at the same
structure, enabling a dual-band and high gain simultaneous
operation. Fig. 9(b) reports the FSS-SR transmission coef-
ficient measurement, in which one might observe a 10-dB
attenuation frequency range from the FSS-SR, giving rise a
DPBA upper bandwidth of 4.5 GHz centered at 29.25 GHz.
In the C-band, the proposed DBPA has presented 1.1 GHz
bandwidth centered at 7.45 GHz. The DBPA measured gain
was 30.0 and 39.4 dBi at 7.5 and 28.0 GHz, respectively.

The novel PAA technique characterization demonstrated
photonically-assisted RF gain from 15 to 19 dB,without noise
figure insertion, by varying the RF-driven signal power levels.
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FIGURE 7. Photonics-assisted dual-band amplified fiber-wireless Xhaul architecture: MH- midhaul; EA- electrical amplifier; FH- fronthaul; VSA- vector
signal analyzer; CO- central office; DU- distribution unit; RRU- remote radio unit.

FIGURE 8. Experimental setup photographies: (a) CO and DU; (b) CO and
DU front view, including the FSS-based dual-band focal point/Cassegrain
parabolic antenna; (c) RRU.

FIGURE 9. FSS-based DBPA: (a) Operational principle and its main parts;
(b) Measured FSS-based subreflector transmission coefficient.

The best compromise between RF amplification and perfor-
mance has been obtained for 15 dB gain with the RF-driven
signal powers at 0 dBm, which implied in extremely
broadband and flat gain, covering both 7.5 and 28.0 GHz

FIGURE 10. Performance of the received 7.5 GHz RF signal at 6.0 Gbit/s:
(a) CRoF; (b) PAA approach.

frequencies. The CRoF system provided −47 and −59 dBm
electrical power at PD output at 7.5 and 28.0 GHz,
respectively, whereas the PAA approach provided −31 and
−43 dBm for these frequencies. After properly amplified and
separated, the signals were radiated by DBPA, giving rise to
10-m reach wireless FH.

Digital pre-distortion (DPD) has been used for enhancing
the Xhaul performance. DPD consists of implementing a
non-linear block with input-output amplitude and phase com-
plementary to those resulting from the communication chan-
nel, including optical and electrical nonlinearities [38], [39].
In our implementation, electrical transmitter and receiver
have been connected using Ethernet protocol to establish
remote controlling, configuration and communication in a
closed-loop [39]. In this way, our signal generator could
pre-distort the RF generated signal for pre-compensating
the communication channel, including electrical and opti-
cal components and electrical/optical and optical/electrical
converters, aiming to improve the EVMRMS parameter at
receiver.

We have evaluated the dual-band and photonically ampli-
fied FiWi digital performance at 7.5 (RF1) and 28.0 GHz
(RF2) in terms of EVMRMS at RRU, maintaining DPD on.
Fig. 10 presents a 1-GHz bandwidth 64-QAM signal at
7.5 GHz, in which one can clearly note the performance
enhancement achieved by applying PAA (Fig. 10(b)) in con-
trast to CRoF (Fig. 10 (a)). The symbols dispersion at con-
stellation and eye diagram opening are much less and higher,
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FIGURE 11. Performance of the received 28.0 GHz RF signal at 4.0 Gbit/s:
(a) CRoF; (b) PAA approach.

respectively, in the PAA case. The 6.0-Gbit/s throughput
transmission, over a 10-m wireless FH assisted by a 12.5 km
reach optical MH, has presented 7.3% EVMRMS for CRoF
and only 3.4% EMVRMS using the novel PAA technique,
demonstrating its applicability in future mobile communica-
tion systems, including 5G. Finally, Fig. 11 reports the exper-
imental performance comparison between CRoF (Fig. 11(a))
and PAA (Fig. 11(b)) at 28 GHz, using a 1-GHz bandwidth
16-QAM signal, resulting in 4.0 Gbit/s throughput. The PAA
use implied in a significant 4.4% EVMRMS improvement,
from 11.6 to 6.2%. It is noticed by the symbol dispersion
reduction in constellation and eye diagram opening from
Fig. 10(b). The total Xhaul throughput was 10 Gbit/s by using
both frequency bands.

V. CONCLUSION
A novel and innovative photonic-assisted RF amplification
technique has been proposed, characterized and applied to
the implementation of multiband and photonically amplified
fiber-wireless Xhaul. Four-wave mixing has been stimulated
by using only an optical wave and 35 m of highly nonlinear
fiber in order to provide high and stable photonics-assisted
RF gain at the distinct frequency bands, namely 7.5 and
28.0 GHz. In either conventional RoF and proposed systems,
a dual-drive Mach-Zehnder modulator has been applied to
modulate the optical carrier with both RF-driven signals.
Experimental results have demonstrated 19 dB flat RF gain
for both bands, with phase noise below −90 dBc/Hz at a
10-kHz offset frequency and multi-Gbit/s throughput with
EVMRMS improvement of up to 5.4%. Furthermore, a proof-
of-concept of the proposed Xhaul has been successfully real-
ized, enabling up to 16 Gbit/s total throughput. The novel
approach has been shown seamlessly integration and poten-
tial for the envisioned 5G infrastructure, with the purpose of
reducing the number of stages or even eliminating the need of
purely-electrical RF amplifiers from RRU, depending on the
operating frequency and cell reach. PAA has also be shown
potential to significantly increase the system throughput by
almost three times when compared to conventional RoF sys-
tem. Our research group has recently proposed and published
a multi-band architecture towards future mobile communica-
tion systems [40]. Future works regard the integration of the

new photonics-assisted RF amplification technique in a FiWi
system operating with diverse RF bands, including emerging
flexible-waveform and multi-application 5G fiber-wireless
systems.
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