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In this paper, we demonstrate the experimental transmission of 16- and 64- quadrature amplitude modulation
(QAM) Long Term Evolution - Orthogonal Frequency Division Multiplexing (LTE-OFDM) signals by using mil-
limetre wave frequencies at 60 GHz and 25 GHz for downlink and uplink, respectively, over a heterogeneous
optical fronthaul infrastructure. A directly modulated laser was employed for both links, which enables the cost-
effective full-duplex system proposal. The bidirectional link consists of a 10 km of single mode fiber, a 100 m
long free space optics channel and 2 m long wireless radio link, which brings flexibility for future wireless
networks. The error vector magnitude (EVM) parameter is measured for a range of the received optical and
electrical power as well as the signal-to-noise ratio. A comprehensive estimation of penalty factors in the
different network segments is presented. The successful transmission over the whole proposed network with the
EVM below the required limit of 9 % for 64-QAM with 20 MHz bandwidth is experimentally demonstrated for the

received optical power of —2.7 dBm and —1 dBm for the downlink and uplink, respectively.

1. Introduction

THe fifth generation (5G) of mobile networks is under current
deployment in major urban centers all over the globe and relies on a very
dense network utilising new technologies such as millimeter wave
(mmW), network function virtualization, software-defined networks,
network slicing and massive multiple-input multiple-output (mMIMO).

The 5G features can be broadly categorized into three main service
classes: enhanced mobile broadband up to 20 Gbps; ultra-reliable low-
latency communications with 99.999 % reliability and < 1 ms latency;
and massive machine-type communications up to 106 devices/km? [1].

However, it is expected that the total mobile users will reach
17.1 billion with around 250 GB of average data consumption per user
per month by 2030 [2], where a new paradigm with Internet of Things,
smart manufacturing, industrial automation, tactile internet,
holographic communications, e-Health and augmented, and virtual
reality, amongst other services, will impose huge requirements which

* Corresponding author.
E-mail address: luivalc2@iteam.upv.es (L. Vallejo).

https://doi.org/10.1016/j.yofte.2022.103161

will not be satisfied by the currently implemented 5G technology.

In order to meet the increasing data rates and number of users, the
next networks’ standards are expected to include especially additional
spectrum (i.e., mmW, THz, visible, and wireless infrared) with dynamic
management, new air interfaces with many smaller cells (i.e., coordi-
nated multi-point, intelligent reflective surfaces and cell-free mMIMO),
3D coverage, energy efficient communications, mobile convergence,
and integrated technology solutions. Accordingly, the network infra-
structure is expected to be flexible, smart, and open to multi-vendor
equipment by the softwarization and virtualization, in the so-called
open radio access network architecture and a new paradigm opens up
with the integration of artificial intelligence, blockchain, digital twin,
and mobile networks [1].

The effective architecture for 5G networks is the centralized radio
access network (C-RAN), where the backhaul link connects the central
office (CO) to the core network, as depicted in Fig. 1, and the fronthaul
link connects the CO to the radio units (RUs) [3]. It is possible to employ
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Fig. 1. Schematic of a C-RAN with fronthaul links based on fiber and FSO. RU:
Radio unit, CO: central office, FSO: free space optics, DML: directly modulated
laser, EA: electrical amplifier, BPF: bandpass filter, PD: photodiode, EDFA:
erbium doped fiber amplifier.

radio over fiber (RoF) technology to transport and distribute digital and/
or analog signals among the CO and the RUs via optical fiber links. It can
be further extended to employ free space optics (FSO) links in the so-
called radio-over-FSO (RoFSO) to provide fixed/wireless convergence
with sufficient bandwidth to deliver high speed services over long dis-
tances at a low cost, with high reliability and low latency [4]. Within this
concept, the signal is photodetected at a base station before being
radiated, giving rise to a fiber-FSO-wireless heterogeneous network. An
analog RoF provides a simple and scalable solution for the fronthaul link
with no need for an analog-to-digital converter and digital-to-analog
converter, neither at the RUs nor the CO [5].

The use of mmW frequency signals has been introduced by the 5G
new radio access technology due to the large spectral availability and
achievable throughput and is also considered as an enabling technology
for the future deployment of 6G networks [6]. The shorter wavelength

Table 1
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leads to a smaller antenna size, which allows an increase in the
dimension of the arrays (number of antenna elements), and therefore, to
narrow the beams. Current standardization efforts are mainly focused on
the 60 GHz band, e.g., the ECMA-387, the IEEE 802.15.3c and the IEEE
802.11ad [7], although other bands with low attenuation (i.e., 35 or 94
GHz) are also very attractive for concrete use cases. Aperture antennas, i.
e., reflector, lens and horn, are widely employed in applications such as
point-to-point and relay-aided communications because of their high
gain, wide bandwidth and simple structure, but nonlinear distortions
and phase noise are major challenges in the design of integrated circuits.
Additionally, the Line-of-Sight (LoS) requirement and poor diffraction
properties at these wavelengths lead to strong blockage in typical access
network scenarios that can be overcome by using highly directive an-
tenna arrays [8].

Moreover, photonic approaches for mmW signal generation have
been successfully demonstrated in the literature to overcome some of the
major challenges related to electronics limitations at those high fre-
quencies, from the basic heterodyne beating approach up to more so-
phisticated systems employing nonlinear effects [9]. In particular, the
optical frequency multiplication based on an electro-optical Mach
Zehnder modulator (MZM) represents an excellent solution in terms of
cost and complexity [10].

During the last decade, large efforts have been done in the literature
toward the experimental demonstration of signal transmission over
mmW signals. Table 1 summarises the employed carrier frequencies,
waveforms and achieved bitrates, fronthauls types, antenna wireless
distance and if they considered as well the uplink (UL) transmission.
Purely electric signal generation with simple and compact transceivers
exhibits limited transmission rates, while microwave photonics-based
signal generation (MWPG) techniques provide a higher transmission
rate, wider operation frequency, tunability, and stability [11-15].

To the best of the authors knowledge, this paper presents the first
experimental demonstration of data transmission over mmW fre-
quencies for the downlink (DL) and the UL between the CO and the user
where optical transmission is held along a 10 km standard single mode
fiber (SMF), 100 m FSO and 2 m seamless wireless link; and 16- and 64-

Experimental demonstrations of data transmission over mmw signals. NRZ: non-return-to-zero, SSMF: standard single mode fiber, PDM: polarization division mul-
tiplexing, QAM: quadrature amplitude modulation, QPSK: quadrature phase shift keying, LTE: long term evolution, ASK: amplitude shift keying, OOK: on-off keying.

MWPG Waveform Frequency Optical fronthaul RF Wireless Uplink

[11] Yes 155 Mb/s NRZ 62.5 GHz 25 km SSMF 1.5m Yes

[12] Yes PDM 16-QAM 87.5 GHz No 1.20 m No
100 Gb/s

[13] Yes 112 Gb/s PDM-16QAM 37.5 /100 GHz 80 km SSMF 1.5/0.7 m No
108 Gb/s PDM-QPSK

[14] Yes PDM 16-QAM 100 GHz 50 km SSMF 1m No
128 Gb/s

[15] Yes LTE-A 20 MHz 92.5 /96 GHz 10 km SSMF 3m Yes

[16] No 16-QAM 68 / 102 GHz No No No
56 Gb/s

[17] Yes PDM 64-QAM 57.2 GHz 60 km SSMF 1m No
100 Gb/s

[18] No 64-QAM 71-86 GHz No Estimated 1 km No
10 Gb/s

[19] No ASK 84 GHz No 50 cm No
15 Gb/s

[20] No 16-/64-QAM 60 GHz No 10 cm No
28 Gb/s

[21] Yes 1 Tb/s 124.5 /150.5 GHz 10 km SSMF 3.1m No

[22] No OOK 12.5 Gb/s 60 GHz No 2 cm No

[23] Yes 4096-QAM 83.5/73.3 GHz No 13.4m Yes
45 Gb/s

[24] Yes 16.5 Gb/s 32-QAM 60 GHz 50 Km SSMF 3m No

[25] Yes 10 Gb/s 60 GHz / 1.1 THz 50 Km SSMF/100 m FSO No Yes

[26] Yes 12.5 Gb/s / 6.5 Gb/s 60 GHz / 30 GHz 80 Km SSMF 110 m / 50 m Yes

[27] Yes M-QAM 36 Gb/s 47.27 GHz 50 km SSMF 9m No

[28] Yes 10 GHz 16-QAM OFDM 50 GHz 20 km SSMF 2m No

This paper Yes 64-QAM LTE 20 MHz 60 / 25 GHz 10 km SSMF / 100 m FSO 2m Yes
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Fig. 2. (a) Experimental setup: Downlink at 60 GHz and uplink at 25 GHz bands and (b) Photograph of the coupling from fiber to FSO. Insets show the signal spectra:
(i) DML output, (ii) MZM output. DG: digital generator, DML: directly modulated laser, PC: polarization controller, MZM: Mach-Zehnder modulator, SG: signal
generator, SMF: single mode fiber, FSO: free space optics, EDFA: erbium doped amplifier, VOA: variable optical attenuator, PD: photodetector, EA: electrical

amplifier, SA: signal analyser.

quadrature amplitude modulation (QAM) Long Term Evolution -
Orthogonal Frequency Division Multiplexing (LTE-OFDM) signals are
transmitted as a proof of concept. Moreover, the directly modulated
laser (DML) used for the UL mmW transmission is presented to provide
an effective approach in terms of the performance, cost and complexity.

The paper is structured as follows: Section II describes the experi-
mental setup and the parameters employed for the DL and UL signal
transmission while Section III presents the experimental results
demonstrating the error vector magnitude (EVM) performance of the
bidirectional link and the evaluation of optical and electrical power
requirements for 16 and 64-QAM modulation formats. Finally, Section
IV summarizes the main achievements of the paper as the main con-
clusions of the paper.

2. Description of the millimeter wave hybrid bidirectional link

A heterogeneous system for mmW signal transmission based on a 10
km SMF, 100 m FSO and 2 m radio seamless wireless links was set up to
demonstrate bidirectional signal performance. The proposed setup is
shown in Fig. 2. As depicted in Fig. 2(a), the DL employs a DML, which is

a monolithically-integrated passive feedback laser described in [29],
centered at 1551.7 nm (the optical spectrum is shown in inset (i) of
Fig. 2) and driven through a bias tee (SigTek SB12D2) by an electrical M-
QAM OFDM long term evolution (LTE) data signal carried by an inter-
mediate frequency (IF) of 1.2 GHz which is generated by a vector data
signal generator (DG, R&S SMW200A). The MWPG approach based on
carrier-suppressed external modulation is employed for the frequency
up-conversion of the DML output signal where the frequency of the
electrical driving signal at the Mach-Zehnder modulator (MZM, Optilab
IML-1550-50-PM) iS frr = fmmw/2 = 30 GHz, where fomw is the target
frequency band. The MZM output signal, whose spectrum is shown in
inset (ii) of Fig. 2, is transmitted over the 10 km long SMF section and
the FSO link, which was realized by two doublet collimators (Thorlabs
F810APC-1550) with the total FSO insertion loss of 14.6 dB. Note that
the FSO link was tested indoor so that any environmental effect could be
neglected. After the FSO link, the signal is launched into an erbium
doped fiber amplifier (EDFA) to compensate for the optical losses as a
post-amplification stage, and then a variable optical attenuator (VOA)
allows to adjust the received optical power (RoP) after the EDFA. Note
the EDFA can also be placed at the transmitting side, which is a cost-

Table 2
Experimental parameters.
DOWNLINK UPLINK
DG 20 MHz 16, 64-QAM LTE DG 20 MHz, 64-QAM LTE
IF 1.2 GHz
Pgata 5 dBm (OB2B) Vgata IQ) 05V
—12 dBm (others)
SG fre 30 GHz SG fre 25 GHz
Pio 24 dBm Pio 18 dBm
DML A 1551.7 nm Radio link Lrp 2m
BW 33 GHz
Ppmr 0 dBm EAl G pa1 28.5 dB @25 GHz
SMF Lsuir 10 km EA2 G paz 29 dB @ 25 GHz
EA3 G ga3 29 dB @ 25 GHz
o 0.2 dB/km DML BW 33 GHz
FSO Lrso 100 m Pomr, 0 dBm
arso 14.6 dB A 1551.7 nm
EDFA Pout 10 dBm FSO Lgso 100 m
arso 14.6 dB
PD BW 70 GHz EDFA Pout 10 dBm
R 0.6 A/W SMF Lsmr 10 km
EAl Gga1 35 dB @ 60 GHz o 0.2 dB/km
NFga1 5dB PD BW 33 GHz
RF link Lgr 2m R 0.72
ANT BW 60-90 GHz ANT BW 4-40 GHz
Gain 25 dBi @60 GHz Gain @25 GHz 14.2 dBi




L. Vallejo et al.

effective deployment due to the possibility to share resources. The
photodiode (PD, Finisar XPDV3120) performs the opto-electrical con-
version where both +fzr sidebands of the modulated optical signal beat
each other to generate the desired fumw = 2frr F fir, Wwhere lower and
upper data bands are located at 58.8 GHz and 61.2 GHz, respectively.

Then, the signal is amplified by a low-noise electrical amplifier (EA,
SAGE SBL-5037033550-VFVF-S1) and radiated by a pyramidal horn
antenna (RF spin, H-A90-W25) over a 2 m long wireless radio link.
Finally, the same type of the receiving antenna allows the signal
reception and the further analysis is accomplished in the signal analyser
(SA, R&S FSW). An electrical down-converter (DC, R&S FS-Z90) is used
before the signal analysis due to the frequency limitation of the available
instrumentation. The experimental parameters are fully detailed in
Table 2 for every component employed in the setup.

Fig. 2(a) shows the setup for the UL operating at 25 GHz, which
employs the same DG as in the DL to generate a fixed I/Q signal output
which is combined with the local oscillator signal at 25 GHz by using an
RF mixer. Note that the DL and UL were not measured simultaneously.
The resulting signal is amplified by EA-1 (Wisewave AGP-
33142325-01) and transmitted by a double ridged horn antenna (RF
spin DRH40) through the 2 m long wireless radio link. The received
signal is amplified in two identical cascaded amplifiers (MITEQ AMF-4F-
260400-40-10P) and launched into the DML, which is already described
above, for electro-to-optical conversion prior to transmission over the
wired and wireless optical links. The high bandwidth of the DML is here
fully used to represent an effective solution for a low complexity UL
system compared to the conventional usage of external modulation. In
general, compared to the use of MZM, direct modulation offers satis-
factory RF to optical conversion efficiency and linearity but has rela-
tively low output power and the modulation chirp is generally higher.
Finally, an EDFA and a VOA are also used to compensate the losses and
adjust the optical power at the PD, which performs the opto-to-
electronic conversion. The recovered data are then analysed in the SA.
Table 2 summarises the main experimental parameters employed in the
setup.

An experimental study on the optimisation for each link was crucial
to assure the correct performance. More concretely, a radio signal,
composed of LTE test model 3.1 with the bandwidth of 20 MHz and
variable electrical power, Pgata, at 1.2 GHz IF was employed for the DL
characterization. Note that the predefined test model TM 3.1, designated
for testing the base stations, employs OFDM signals with 64-QAM
modulation [30]. The obtained results from the characterization are
shown in Fig. 3. Optical back-to-back (OB2B), consisting of the setup
shown in Fig. 2(a) for the DL without SMF, FSO and radio link, evinces a
minimum EVM value for a given Pg,ta = 5 dBm under constant RoP = -3
dBm. As expected, the EVM at first decreases with increasing electrical
power due to corresponding higher to signal-to-noise ratio (SNR), but for
Pgata above 5 dBm, the EVM starts to increase due to the nonlinear

— @ -0OB2B —<«¢ —SMF + Radio link
— B —-SMF — ¢ —Full-link

P (dBm)

data (

Fig. 3. DL Signal parameters optimization. Measurement of EVM Vs Pg4a, for
OB2B and SMF: RoP = -3 dBm; SMF + radio and full-link: RoP = 8 dBm.
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distortion introduced by the DG and the DML at higher power levels. The
same behaviour is also observed when the fiber is included in the OB2B
setup, denoted as SMF in Fig. 3. However, there can be seen a shift of the
curves due to the dispersion effects over the DML distorted output
signal. This characterisation was repeated for the scenario based on SMF
followed by the radio sub-link and for the full-link, which corresponds to
the complete scheme in Fig. 2(a), i.e., including SMF, FSO and the radio
sub-link. Nevertheless, for both scenarios which include the antenna
link, i.e., the SMF + radio and full-link, the RoP was increased to 8 dBm
to obtain acceptable EVM levels. Similar performance is expected in
both curves provided the amount of losses is compensated by the
addition of EDFAs and EAs in each scenario. Slight EVM differences are
observed due to experimental drift of MZM response which leads to an
RoP uncertainty close to £ 0.5 dB. The minimal EVM values are higher
than in OB2B scenario due to the balance between the distortion effects
and the current noise, namely shot noise. Therefore, the use of optimal
Pgata for a particular scenario is required, i.e., Pgata = —12 dBm is
employed for SMF, SMF + radio link, and full-link operation while 5
dBm is used for the OB2B scenario, as described in Table 2. The EVM
limit for 64-QAM is indicated by a dashed horizontal line in Fig. 3.

Similar optimisation was also done for the UL direction. As described
above, in this case the local oscillator (LO) at 25 GHz frequency was
mixed with I and Q (IQ) data from the DG to create the mmW signal at
the desired frequency while the radio signal for the UL was the same as
for the DL optimization. More specifically, the electrical power of the
LO, Py, was varied to obtain the EVM performance characterisation of
the UL under different configurations and constant RoP of 8 dBm. Note
that during the characterization, the IQ signal voltage was kept the same
for all configurations, i.e., 0.5 V. The obtained curves in Fig. 4 show a
similar EVM behaviour for all the scenarios, which are electrical B2B
(EB2B), radio + OB2B, radio + SMF, and full-link. The different EVM
levels at the P o = 18 dBm indicate the penalty introduced by the OB2B,
SMF and SMF + FSO links with regards to the EB2B configuration, which
is 2.9 %, 5.1 % and 6.4 % for the radio link + OB2B, radio link + SMF
and full-link, respectively. An EVM peak at P; o = 15 dBm is found due to
the electrical RF mixer response, which is used for the UL mmW signal
generation, given that it is shown also in the EB2B measurement where
no optical components are involved. Regarding Pio, the lowest EVM
value is 7.3 % and was obtained under the full-link configuration with
Pio = 18 dBm and thus in this work we adopted this Py o value, as
detailed in Table 2, for further UL experiments. It is worth to mention
that similar low EVM was recorded also for Pg = 7 dBm, however we
adopted Prp = 18 dBm anyway in order to get higher electrical power in
the receiver after optical transmission Note that the electrical input
power in the cascade of the two amplifiers EA-2 and EA-3 (see Fig. 2(a))
after the receiving antenna in the UL is —56 dBm and —37 dBm for the
Pro = 0 dBm and Py o = 18 dBm, respectively.

- A - Radio link + OB2B - 4 - Full-link
- ¢ - Radio link + SMF -~ - EB2B

<10} . ]
S0l g, 9%EW Q{} o
= 3é’**&4¢1}3}*‘§:0

R PPEL L DPRE N N

AAAAAAL, LA Ko
. | ‘ | .
. 5 10 15

P, (dBm)

Fig. 4. UL signal parameters optimization: measurement of EVM vs P for
different configurations (RoP = 8 dBm) including the EB2B measurement.
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Fig. 5. EVM vs RoP for 64-QAM with different configuration in both links: (a) 61.2 GHz DL (b) 25 GHz UL. Corresponding insets show constellations for DL: (i) OB2B
(RoP = -3 dBm), (ii) full-link (RoP = 8 dBm); and for UL: (iii) radio and OB2B (RoP = 3 dBm), (iv) full-link (RoP = 9 dBm).

3. Experimental transmission results

In the following part, both the DL and UL performances were char-
acterised by measuring the dependence of the EVM on the RoP for a
64-QAM signal transmission in the 60 GHz band (DL) and in the 25 GHz
band (UL). Note that according to the previous section, the DL OB2B
scenario employed different Pgaa compared to other DL scenarios,
i.e., 5 dBm vs —12 dBm, so the comparison between them is not
straightforward. The results, illustrating the EVM dependence on the
RoP obtained by introducing the optical loss of the VOA, for the DL and
UL with a 64-QAM are depicted in Fig. 5. As expected, Fig. 5(a) shows
that the DL EVM decreases with the increasing optical power while the
SMF + radio and full-links imply a power penalty at the 9 % threshold of
5 and 7 dB, respectively, with regards to the SMF scenario power level.
This is because the SMF + radio and full-link both contain the 2 m long
radio link at 61 GHz, which deteriorates the overall EVM performance.
The results imply that for the full-link scenario, the acceptable

transmission quality requires a minimum RoP of —2.7 dBm. Note that
the additional optical loss, introduced by the VOA, is 11 dB in this case.
Fig. 5(b) then shows the EVM dependence on the RoP for UL where a
penalty of 1.5 and 3 dB is observed when the SMF and full-links are
introduced, respectively, with regard to the OB2B scenario. The required
RoP, in this case, is —1 dBm for the full-link operation to keep the EVM
below 9 %. Note that the maximal additional optical insertion loss is 10
dB in this case and thus 1 dB lower compared to the DL. The difference
among particular UL scenarios is less significant, compared to the DL,
because the radio link is involved in all of them due to the UL definition.
Insets (i) and (ii) then show the 64-QAM constellations for the DL under
the OB2B and full-link scenarios, respectively, while (iii) and (iv) depict
the constellations for radio link + OB2B and full-link scenarios in UL,
respectively. It should be emphasized that the transmission over the full-
link in both the DL and UL setup fulfils the given EVM limit for a wide
range of the RoP.

In the next step, the EVM characterisation is depicted also in terms of
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Fig. 6. EVM vs ReP for 64-QAM signal for: (a) 61 GHz DL, (b) 25 GHz UL. Insets depict corresponding electrical spectra obtained under full-link transmission
(RoP = 8 dBm) with RBW = 10 kHz, where DL signal has been frequency downconverted to IF.
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the received electrical power (ReP) in the mmW band for both DL and UL
as shown in Fig. 6, while the different ReP values were set by adjusting
the VOA like in the previous case. A slight degradation can be seen in
Fig. 6(a) when only the SMF, i.e., without radio link, is included with
respect to OB2B due to the propagation effects of the distorted signal at
the DML output. Note that the EVM results experience a significant
improvement in terms of ReP in those scenarios where the radio link is
present due to the electrical amplification. In the case of the UL, the
radio link is present in all scenarios, and therefore, Fig. 6(b) shows, -as in
the case of the EVM vs RoP, similar performance results for all the
scenarios compared to the DL. According to Fig. 6, the required ReP =
—70 dBm and —57 dBm for the full DL and UL scenarios, respectively. In
the DL, the minimal ReP to keep the EVM below 9 % is higher for the
scenarios with radio links, i.e., SMF -+ radio link and full-link, which is
caused by the different power budget in scenarios with and without
seamless antenna link. On the other hand, the UL results for the RoP and
ReP demonstrate similar behaviour with different EVM for a particular
configuration and fixed ReP. In other words, radio link + OB2B requires
lower RoP and ReP value than the radio link + SMF and full-link sce-
narios in order to keep the EVM under 9 %. It is because the radio link is
employed in all the UL scenarios, as already described above. Corre-
sponding insets in Fig. 6(a) and b) show the electrical spectra of full-link
with RoP = 8 dBm, where the DL signal has been downconverted to IF
before evaluating.

The DL characterization was done with the 64-QAM and 16-QAM
modulation formats (LTE test model TM 3.2) and the EVM
dependence on the SNR of the electrical recovered signal was measured
to provide information about the distortions in the DL transmission
system, compared with the only the 64-QAM format used for previous
tests. Note that SNR was measured after photodetection by means of the
SA. The 16-QAM performance in Fig. 7(a) shows very similar behaviour
for all scenarios, with an estimation of the minimal required SNR above
22 dB to achieve EVM levels below the 13.5 % limit at 16-QAM. Further,
Fig. 7(b) shows the corresponding results for the 64-QAM signal
transmission, where a maximum 2.5 dB penalty is observed in the full-
link characterization with respect to the OB2B link at the 9 % EVM
limit. A minimal SNR of 23.7 dB is required for the correct transmission
of the 64-QAM signal at 61 GHz for all the scenarios in the DL. Insets in
Fig. 7(a) and (b) show the corresponding constellation diagrams of
transmitted signals over the full-link with an SNR of 28 dB. As explained
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Table 3
Best achievements for 64-QAM signal transmission over DL and UL with full-link
configuration (RoP = 8 dBm).

ReP (dBm) SNR (dB) EVM (%)
DL —54 28 6.8
UL —38 n.a. 7.5

above, good EVM performance in the UL requires the maximization of
the electrical power in the receiver and that leads to increased to higher
amplifiers noise level and intermodulation distortion, which both affect
the measured SNR magnitude. In this case, varying the optical losses
does not provide valuable information with regards to the SNR, and
therefore, EVM vs SNR is not shown for UL.

Finally, Table 3 summarises the best achievements obtained in the
64-QAM signal transmission experiments over full DL and UL in terms of
RoP, ReP, SNR and EVM. We would like to emphasize the benefits of the
employed DML in both DL and UL setups. For the DL, the DML is a very
cost-effective solution, which reduces cost and complexity especially
because it combines the laser and modulator into one device and even
for the 61 GHz transmission, the DML with low-bandwidth, i.e., 1 GHz,
is enough. Further, it benefits from the frequency doubling in the pho-
tonic generation approach, which requires only half input frequency, i.
e, 30 GHz in the MZM to provide 61 GHz seamless transmission,
resulting in a significant reduction of the equipment requirements.
Additionally, the use of the high frequency bandwidth DML for the UL
also reduces complexity and potential costs because the DML, having
smaller footprint compared to the laser and MZM, can be produced in a
large series and then become more affordable. Therefore, the radio unit
in the cell site can be significantly simpler, as indicated in Fig. 1.

4. Conclusions

An experimental demonstration of an LTE M-QAM signal trans-
mission over the 60 and 25 GHz bands for the DL and UL, respectively, is
presented over an optical heterogeneous fronthaul network consisting of
10 km of optical fiber, a 100 m FSO link and a 2 m seamless radio link.
The optimisation of the electrical signals in both DL and UL, and the
comprehensive analysis of the results has been provided. The EVM
measurements for both link directions under different configurations in
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terms of the RoP and ReP, as well as the SNR, fully validate the network
performance and also allow to identify their differences. Results show
different power budgets and penalties mainly due to the different
structure of DL and UL, where the latter implements electro-optical
conversion after amplification of the radio link output signal.

In order to fulfil the 9 % EVM limit for the 64-QAM signals with 20
MHz bandwidth, the minimum received optical power has been deter-
mined as —2.7 dBm and —1 dBm in the DL and UL, respectively, for the
full-link configuration. It was shown that the advantageous use of the
low-frequency DML for the DL and high-frequency DML for the UL to
maximize the system performance and simultaneously reduce the
complexity. Finally, it has been experimentally demonstrated that the
100 m long FSO channel can be effectively used as the “last mile” access
in bidirectional optical fronthaul networks operating at mmW bands to
provide better flexibility in the network densification and paves the way
to the deployment of future hybrid optical and mobile communication
networks operating in the mmW band.
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