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Experimental investigation of a seamlessly
converged fiber-wireless access network
employing free-running laser- and envelope
detection-based mmWave generation and
detection

Luis VALLEJO,” ® OMARO FAWZI ABDELHAMID GONEM, ® WEI
JIN, ® MD SAIFUDDIN FARUK, ® ROGER PHILIP GIDDINGS,
XINGWEN Y1, ® AND JIANMING TANG

Digital Signal Processing Centre of Excellence, School of Computer Science and Engineering, Bangor
University, Bangor LL57 1UT, United Kingdom

“Lvallejocastro@bangor.ac.uk

Abstract: Employing free-running laser/envelope detection-based millimeter wave (mmWave)
signal generation/detection at remote radio heads (RRHs)/user equipment (UE) offers a
cost-effective solution for seamlessly integrating existing intensity modulation-direct detec-
tion (IM-DD)-dominated optical access networks and wireless networks. Such fiber-wireless
convergence enables a continuous flow of signals with varying characteristics between the
baseband unit (BBU) and UE across fiber and wireless network segments without the need for
optical-electrical-optical (O-E-O) conversions and digital signal processing (DSP) at interme-
diate nodes. In this paper, we extensively investigate the performance of such a fiber-wireless
converged access network employing free-running laser/envelope detection-based mmWave
generation/detection in an IM-DD-based 1.67 Gbit/s transmission system with 25 km standard
single-mode fiber (SSMF) and 5 m @38 GHz mmWave wireless links. Experimental results
demonstrate that both mmWave frequency tunability and adaptive mmWave network coverage
are achievable by just dynamically and adaptively configuring the output wavelength and power
of the RRH-embedded free-running laser. Additionally, envelope detection allows RRHs to
use low-cost MHz-linewidth-level free-running lasers while maintaining excellent performance
stability.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

The continuous proliferation of HD/UHD video applications, interactive network services, mobile
cloud services, and machine-to-machine (M2M) communications has led to an explosive increase
in global mobile traffic, which is expected to reach 465 exabytes (EB) per month by 2030 [1]. To
meet these expectations, beyond-fifth-generation (BSG) mobile networks are therefore required to
offer unprecedented peak data rates of >1 Tbps with ultra-low latencies of 10—100 ps, and massive
connection densities of 10 million devices/km? [2]. This imposes unprecedented challenges
on B5G mobile access networks in terms of not only delivering high throughput, low latency,
and extensive coverage, but also offering high network flexibility, adaptability, scalability, and
upgradability in a cost-effective manner [3].

The seamless convergence of fiber and wireless network segments is highly advantageous
to achieve the above challenging goals of BSG mobile networks [4,5], as such convergence
enables signals with varying characteristics, such as bandwidth and modulation formats, to

#532694 https://doi.org/10.1364/OE.532694
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seamlessly and continuously flow across the entire mobile access network, i.e., between the
baseband unit (BBU) and user equipment (UE), regardless of carrier domains (optical and/or
electrical domains), without requiring optical-electrical-optical (O-E-O) conversions or extensive
digital signal processing (DSP) at intermediate nodes. Considering the fact that millimeter
wave (mmWave) wireless communications, introduced in the 5G new radio (NR) standard [6],
will remain crucial in the B5G era to support services and applications requiring ultra-high
bandwidth/capacity and ultra-low latency [7,8], thus, simple, cost-effective, and tunable mmWave
signal generation and detection approaches are vital to effectively implement such highly desirable
seamless fiber-wireless access network convergence [4,5,9].

Various mmWave generation/detection techniques have been proposed, whose technical
comparisons are presented in Table 1. Generally speaking, employing electronic components
for mmWave signal up-conversion and down-conversion is not a cost-effective approach as
the electronic components are restricted by their inherent limited bandwidth and cannot cost-
effectively offer required mmWave frequency tunability within a wide frequency range, which
is desirable for considerably enhancing mobile networks’ flexibility/adaptability [5,10]. In
comparison, photonics-aided mmWave signal generation approaches are attractive due to the
broadband bandwidth of commercially available optical components [11,12,13]. For these
techniques, mmWave signal generation mainly relies on the optical beating of two wavelengths
in a photodetector (PD) where the wavelength spacing determines the produced mmWave
carrier frequency. Several photonics-aided mmWave signal generation techniques have been
demonstrated based on phase locking [14,15,16] or using multimode optical sources [17,18].
In addition, external optical modulators can also be used to generate the required two beating
optical signals, for example, intensity and phase modulation-produced harmonic components
[19,20]. Furthermore, the optical non-linear effects such as four-wave mixing (FWM) and
stimulated Brillouin scattering (SBS) [21,22] can also be incorporated into the above external
modulator-based techniques for achieving higher frequency mmWave signals. However, all the
above-mentioned mmWave generation techniques are relatively complex and uneconomical for
applications in cost-sensitive access network scenarios.

For producing the required two beating optical signals, photonics-aided mmWave signal
generation approaches using two independent lasers, here known as the free-running laser
technique, are promising due to their simplicity and high cost-effectiveness [11,23,24,25]. For
practical implementations, one free-running laser is used at the BBU for transmitting user data to
the remote radio head (RRH), whereas the other free-running laser can be hosted at the RRH
to produce the desirable mmWave signal via the optical beating of the RRH-laser output and
the BBU-transmitted optical signal received at the RRH [26,27]. This infrastructure not only
enables the reuse of the RRH-laser sources for upstream transmissions, but also results in a
reduction in the overall optical powers launched into the fiber, which, as a direct result, reduces
the associated fiber nonlinearity effects, eliminates fiber transmission-induced optical power
loss, and further enhances the overall network power utilization efficiency. However, for the
free-running laser-based mmWave signal generation approach, the generated mmWave signal
suffers high phase noise and frequency drifting (also known as frequency offset) effects due to the
beating of the two independent optical signals. To address this issue, a cost-effective electrical
passive envelope detector (ED) can be employed at the UE receiver for down-converting the
mmWave signal to the baseband spectral region. Such mmWave down-conversion is insensitive
to the mmWave carrier phase noise and frequency drifting effects, thus the deployment of the ED
at the UE enables the UE receiver to use conventional DSP techniques for signal demodulation
without phase noise and frequency drifting estimation and compensation [5,24,25].

The technical feasibility of the free-running laser/envelope detection-based mmWave signal
generation/detection has been respectively demonstrated in optical single-sideband modulation
(I/Q modulation) links [28,29,30,31] and double-sideband modulation (intensity modulation,
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Table 1. Comparisons between different mmWave signal generation/detection techniques.?

Ref. Technique Technical comparison
Advantage: low bandwidth PDs are required for O-E conversion.
Complexity: high-bandwidth electrical components (LOs, multipliers, mixers, etc.) are
[10] Electrical required.
[33] up-conversion Frequency tunability: constrained by electrical LO tunability.
Adaptive wireless coverage: N/D.
UE Rx: signal down-conversion using either i) an electrical LO [10,33]; or ii) an
electrical envelope detection [10].
UE DSP: with [10] and without [33] PN and FO estimation and compensation.
Advantage: generation of mmWave signals with reduced PN and FO.
Complexity: high-quality optical sources and high-bandwidth PDs are required with

[14] o ) limited locking range and injection power control.
Injection locking

[34] Frequency tunability: by adjusting master-slave lasers’ wavelengths.

Adaptive wireless coverage: N/D.

UE Rx: electrical envelope detection for signal down-conversion.

UE DSP: without PN and FO estimation and compensation.

Advantage: generation of mmWave signals with reduced PN and FO.

Complexity: special lasers such as common cavity dual-mode and fiber-ring lasers, and
[17] Dual-wavelength high-bandwidth PDs are required.
{22 } lasers Frequency tunability: constrained by the wavelength spacing between optical modes.

Adaptive wireless coverage: N/D.

UE Rx: analog signal down-conversion using an electrical LO.

UE DSP: without PN and FO estimation and compensation.

Advantage: generation of mmWave signals with reduced PN and FO.
Complexity: special laser chip (two lasers integrated on the same chip) and
[18] Integrated on-chip high-bandwidth PDs are required.

[37] laser sources Frequency tunability: by adjusting the current injection or thermal tuning.
Adaptive wireless coverage: N/D.

UE Rx: signal down-conversion using either i) an electrical LO-free PNC receiver [18];
or ii) an electrical envelope detection [18].

UE DSP: without PN and FO estimation and compensation [18].

[19] Advantage: generation of mmWave signals with reduced PN and FO.

[20] Complexity: requires high-bandwidth external modulators, RF sources and PDs.
[38] External Frequency tunability: limited by launched RF sources.

[39] modulation Adaptive wireless coverage: N/D.

[40] UE Rx: analog signal down-conversion using an electrical LO.

(411 UE DSP: without PN and FO estimation and compensation.

Advantage: laser-free RRH.
Complexity: requires high-bandwidth PDs and high BBU optical launch power, suffers

[5] Free-running from high fiber power loss.
(25] lasers (two lasers g requency tunability: by adjusting CO-BBU-lasers’ wavelengths.
[42] at CO-BBU) Adapti irel. . N/D
ptive wireless coverage: .
UE Rx: signal down-conversion using either i) an electrical LO-free PNC receiver [25];
or ii) an electrical envelope detection [5,25,42].
UE DSP: without PN and FO estimation and compensation.
Advantage: low fiber power loss, low BBU optical launch power [This work], excellent
mmWave frequency tunability [This work], adaptive wireless coverage [This work] and
[23] significant transmission performance improvements induced by high RRH-laser powers
[28] [This work].
[43] . Complexity: requires high-bandwidth PDs and RRH-laser control.
E:‘H lalz;’:_(r(:l:ll;igfer Frequency tunability: by adjusting RRH-laser wavelengths [This work].
[46] at RRH) Adaptive wireless coverage: by just adjusting RRH-laser output powers [This work].
[47] UE Rx: signal down-conversion using either i) an electrical LO [23,28,44,45,47]; ii)
This digital down-conversion [43] or envelope detection [28] with high-speed ADCs ; iii)
work electrical envelope detector [46] with low-speed ADCs [This work].

UE DSP: demodulation with [23,28,43,44,45,47] and without [46] and [This work] PN
and FO estimation and compensation.

“Note: PD: photodetector, RRH: remote radio head, CO-BBU: central office-baseband unit, Rx: receiver, PN: phase
noise, FO: frequency offset, O-E: opto-electronic conversion, PNC: phase noise cancellation, N/D: not discussed, LO:
local oscillator, ADC: analog-to-digital converter.
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IM) links [5,24,32]. Among these approaches, mmWave signal generation/detection based on
IM links is highly advantageous because existing optical access networks rely extensively on
intensity modulation-direct detection (IM-DD) links. This makes the integration of IM-based
free-running laser/envelope detection-enabled mmWave signal generation/detection techniques
not only cost-efficient but also seamlessly upgradable with the current optical access network
architectures. However, for practically implementing the free-funning laser and envelope
detection-based mmWave generation and detection technique, comprehensive investigations are
still required to identify optimum free-running laser conditions, and more importantly, to evaluate
the associated network performance trade-offs between robustness, stability, mmWave tuning
ranges and wireless coverage.

To deliver the abovementioned objectives, in this paper, we experimentally investigate the
performance of a 1.67 Gbit/s seamlessly converged fiber-wireless access network employing
free-running laser/envelope detection-based mmWave generation/detection in an IM-DD-based
transmission system with 25 km standard single-mode fiber (SSMF) and 5 m @38 GHz mmWave
wireless links. The experimental results show that, by incorporating a free-running laser with
dynamic control of output wavelength and power at the RRH, several additional salient features
are achievable, including i) excellent mmWave frequency tunability by simply adjusting the
RRH-laser wavelength, as verified in Section 4.2; ii) the ability of enhancing the transmission
performance and also allowing the BBU to launch relatively low optical powers for mitigating the
fiber nonlinearity effects, as verified in Section 4.3; iii) adaptable mmWave wireless coverage and
great potential of extending the wireless coverage beyond 45 m by simply changing the RRH-laser
optical power, as verified in Section 4.4; and iv) the reuse of the RRH-lasers for upstream
transmissions for reducing the overall network expenditures. Additionally, the experimental
results also show the excellent performance stability and robustness of the proposed fiber-wireless
converged access networks against the RRH-laser linewidth and frequency drifting, this allows
the RRHs to use low-cost MHz-linewidth-level free-running lasers to reduce the overall network
capital expenditure, as demonstrated and verified in Section 4.5.

2. Seamlessly converged fiber-wireless access networks

The seamlessly converged fiber-wireless access network architecture employing free-running
laser/envelope detection-based signal generation/detection is illustrated in Fig. 1, where at the
RRH, no O-E-O conversions and no DSP are implemented, thus enabling signals of various
characteristics to continuously flow between the BBU and UE with minimal latency.

In this network architecture, at the BBU, an optical signal employing an arbitrary modulation
format is generated via IM and transmitted over the SSMF to RRHs. The BBU-generated optical
signal can be expressed as:

Sgeu(t) = \/PBBU\/I +m- S(I)ei(wBBUlWBBU(I))’ 1)

where Pppy is the optical signal power, wppy is the optical signal angular frequency, and
eppu(t) denotes the phase noise of the central office (CO)-located BBU-laser. m is the intensity
modulation index, and s(¢) is the real-valued transmitted data signal supporting an arbitrary
modulation format.

After fiber transmissions, at the RRH, the optical signal is first passively coupled with an optical
carrier signal locally generated by a standalone free-running laser diode (LD)-2. Assuming a
fiber transmission system suffering a linear loss only, the total combined signal can be expressed
as:

St(t) = VaSppu(?) + Srru(t), (2)
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Fig. 1. Seamlessly converged fiber-wireless access network architecture based on intensity
modulation links and free-running laser/envelope detection-based mmWave signal genera-
tion/detection. CO-BBU: central office-baseband unit, FH: fronthaul, OS: optical splitter,
RRH: remote radio head, UE: user equipment, LD: laser diode, IM: intensity modulator,
SSMF: standard single-mode fiber, OC: optical coupler, PD: photodetector, ED: envelope
detector.

where « is the scaling factor representing the fiber transmission link-induced power loss. Sgrp(f)
is the RRH locally generated optical signal which can be written as:

Sgri(t) = /pRRHei(wRRHHwRRH(l))’ 3)

where Pgppy is the optical signal power, wggy is the optical signal angular frequency, and @ggg(?)
denotes the phase noise of the RRH-laser. The RRH-laser is adjusted so that the frequency
difference between the BBU-laser and the RRH-laser equals the targeted mmWave angular
frequency wymw = |wpsy — WrrHI-

The two combined optical signals are then directed to the RRH-PD to generate the desired
mmWave signal via optical beating. Assuming an ideal PD for simplicity, the process can be
expressed as:

Ipp(t) = |S7(1)|

4
= aPppy + Prru + m(xPBBUs(t) + 2N aPpgyPrru1 + m - S(l‘) COS(a)mmwt + A(,D(t)), @
where Ag(t) = pppy(t) — wrri(t), which denotes the total phase noise.

In Eq. (4), the first two terms are the direct current (DC) terms whereas the third term is the
signal at the baseband region. The fourth term is the desired mmWave signal to be transmitted
to the UEs. When the first three terms are not spectrally overlapped with the desired mmWave
signal, they can be removed by electronic band-pass or high-pass filtering. Assuming an ideal
band/high-pass filtering operation, after wireless transmissions, the UE-received mmWave signal
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can be expressed as:

Sre(?) = 2Ny aPpguPrru1 + m - 5(t) cos(Wmmwt + Ap(t)), @)

where 7 is a scaling factor representing the signal power loss due to the wireless link. Equation (5)
indicates that the UE-received mmWave signal suffers high phase noise. The UE receiver uses a
square-law ED to directly down-convert the received mmWave signal to the baseband spectral
region, which can be expressed as:

Iep(t) = SO
= 2yaPppyPrru + 2myaPppyPrrus(t) (6)
+ ZYQPBBUPRRH(I +m- S(l)) cos(Zwmth + ZAtp(I))

The first term in Eq. (6) is the DC term. The second term is the desirable signal which is
already down-converted to the baseband spectral region, whereas the third term is the unwanted
high-frequency component. When the third term does not overlap with the desired signal term,
the third term can be easily removed by low-pass filtering. From Eq. (6), the ED can perform the
mmWave signal down-conversion operation, which is insensitive to the unwanted phase noise
and frequency drifting arising from the optical beating [25]. After the ED, the UE receiver can
employ an analog-to-digital converter (ADC) operating just at the bandwidth of the transmitted
signal and use conventional DSP techniques for signal demodulation without the need to use
complicated DSP algorithms to mitigate the frequency drifting and phase noise effects.

It is also interesting to mention that, as shown in Eq. (5) and Eq. (6), the power of the produced
mmWave signal and the power of the UE-received desired signal are strongly related to both the
RRH-received optical signal power and the RRH-laser output power. Dynamic RRH-laser power
adjustments are thus applicable for adaptively adjusting the produced mmWave signal power for
enhancing the transmission performance and also for achieving a flexible mmWave coverage. In
addition, this also relaxes the stringent requirements on high-gain optical/electrical amplifiers.
This also potentially allows the BBU to launch optical signals of relatively low powers into the
fiber, which is valuable for mitigating the fiber nonlinearity effects and improves the technique
adaptability for wavelength division multiplex (WDM) scenarios.

3. Experimental setup

The experimental setup for evaluating the converged fiber-wireless access network based on the
free-running laser/envelope detection-enabled mmWave signal generation/detection is illustrated
in Fig. 2.

An orthogonal frequency division multiplexing (OFDM) signal, which is digitally up-converted
to a 2 GHz intermediate frequency (IF), is produced by an arbitrary waveform generator (AWG,
Keysight M8195A) operating at 64 GS/s. The signal’s spectrum is measured by an electrical
spectrum analyzer (ESA, Rohde & Schwarz FSW43) and shown in inset (i) of Fig. 2. In generating
the OFDM IF signal, a real-valued baseband OFDM signal containing 15 16-quadrature amplitude
modulation (QAM)-encoded data-carrying subcarriers is first generated using a 32-point inverse
fast Fourier transform (IFFT) operation based on the Hermitian symmetry. The OFDM cyclic
prefix is 12.5%. The generated baseband OFDM signal is then oversampled by a factor of 64 to
adjust the OFDM signal bandwidth to 0.5 GHz. Finally, the produced baseband OFDM signal is
digitally up-converted to the desired IF region, followed by a digital signal clipping operation by
a clipping ratio of 14 dB. The produced electrical OFDM signal has a bit rate of 1.67 Gbit/s, a
bandwidth of 1 GHz at 2 GHz IF, and an amplitude of 500 mV,.

At the central office-BBU (CO-BBU), an optical intensity transmitter (Thorlabs MX35D)
containing a 10 kHz linewidth external cavity laser (ECL)-based free-running tunable laser
(TL-1), a RF electrical amplifier (EA), and a 35 GHz Mach—Zehnder modulator (MZM), is
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Fig. 2. Experimental setup for the proposed converged fiber-wireless access network. Insets
show optical and electrical spectra at different points depicted in the experimental setup:
(i) at P1, (ii) at P2, (iii) at P3, and (iv) at P4. ANT: antenna, TL: tunable laser, MZM:
Mach—Zehnder modulator, AWG: arbitrary waveform generator, EDFA: erbium-doped
fiber amplifier, OBPF: optical band-pass filter, SSMF: standard single-mode fiber, OC:
optical coupler, VOA: variable optical attenuator, EA: electrical amplifier, VEA: variable
electrical attenuator, HPF: high-pass filter, LPF: low-pass filter, ED: envelope detector, OSC:
oscilloscope, PC: polarization controller, UE: user equipment, RBW: resolution bandwidth.

employed for electrical-optical (E-O) conversion. TL-1 generates a 13.5 dBm optical carrier at
1550.116 nm which is modulated by the MZM biased at the quadrature point by a voltage of
—1.549 Vpc. The electrical OFDM signal is boosted by a 21 dB gain by the MX35D-embedded
RF EA before driving the MZM. The optical signal launched into the fiber (Pggy) has a power of
4 dBm. No optical amplifier is used at the CO-BBU.

After 25 km SSMF transmission, at the RRH, the received optical signal power is —1.5 dBm. A
standalone ECL-based free-running TL-2 (Thorlabs TLX1) with a 10 kHz linewidth, is employed
to generate a 1550.420 nm optical carrier with an optical power of 0 dBm (Pryp-1aser). This RRH
locally-generated optical carrier has a frequency gap of 38 GHz relative to TL-1 (the BBU-laser).
The RRH-received optical signal is passively combined with the TL-2 optical signal, and the
resulting optical signal spectrum at point P2, measured by an optical spectrum analyzer (OSA,
Anritsu MS9740B), is shown in inset (ii) of Fig. 2. A variable optical attenuator (VOA, Thorlabs
EVOA1550A) is then employed to adjust the received total optical power (RoP) of the combined
signals launched into the 40 GHz PD with a 0.7 A/W responsivity (Thorlabs RXM40AF). The
optical beating in the PD results in the generation of a 38 GHz mmWave signal, which contains
two OFDM sidebands at 36 GHz and 40 GHz conveying the same data. Afterward, the generated
electrical mmWave signal passes through a 26-50 GHz electrical high-pass filter (HPF, Marki
Microwave FH2600) to reduce the noise and remove the first three low-frequency signal terms
in Eq. (4). The resultant signal is then amplified by a 0.01-47 GHz EA-1 (AT Microwave
AT-BB-0047-2720C) with a 27 dB gain before wireless transmission over a distance of 5 m. The
wireless link employs two antennas (ANT-1 and ANT-2, Mi-Wave 261A-25/599) with a 25 dBi
gain, operating within a radio frequency range of 26.5-40 GHz.

After wireless transmission, at the UE, the received mmWave signal power is dynamically
adjusted by a variable electrical attenuator (VEA) followed by a 20-44 GHz EA-2 (Evarant
SBL-2034433040-2F2F-S1) with a 30 dB gain. The VEA introduces a 5 dB power attenuation
and a ~5.6 dB insertion loss. The resulting signal spectrum is displayed in inset (iii) of Fig. 2.
Slight frequency response distortions are observed in the upper OFDM sideband, which are
mainly due to the 40 GHz PD bandwidth limitation. The mmWave signal is then directly
down-converted using a 33-50 GHz ED (Spacek Labs DQ-2P) and then filtered by a 4 GHz
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low-pass filter (LPF, Mini-Circuits ZLSS-4G-S+). The resulting signal spectrum is illustrated in
inset (iv) of Fig. 2. Finally, the electrical signal is digitized by an oscilloscope (OSC, Keysight
UXRO0592A) operating at 8 GS/s, and finally processed offline for signal demodulation using
conventional OFDM demodulation procedures, after the digital-domain IF-down-conversion
operation, without estimating and compensating the carrier/subcarrier phase noise and frequency
drifting effects.

To evaluate the transmission performances, here three cases are considered: Case-1 considers
an optical back-to-back (0B2B) link, where the fiber and wireless links are excluded (ANTs and
EA-2 are replaced with a high bandwidth, low loss RF coaxial cable). In this link, after the optical
beating, electrical filtering and amplification, the produced mmWave signal is directly launched
into the ED for demodulation; Case-2 considers a 25 km SSMF link, whose experimental setup
is similar to Case-1 except that the OFDM signal is transmitted over 25 km SSMF. Note that in
this case the wireless link, ANTs and EA-2 are also excluded. Case-3 involves the transmission
of the signal over both the 25 km SSMF and the 5 m mmWave wireless links.

4. Experimental results and discussion

4.1. Transmission performance

Utilizing the experimental setup explicitly detailed in Section 3, when considering a mmWave
frequency of 38 GHz, the measured bit error ratio (BER) performances versus RoP are shown in
Fig. 3, where the RoP is the total optical power launched into the PD for generating the mmWave
signal at the RRH.

— ® — 0B2B 25 km SSMF + 5 m mmWave link
— ® — 25 km SSMF

5'2'———'—\.;——-1-‘ L
@ 3l FEC limit N -
e
g 4t
5t
B6F 1 0o 1 i
-10 -8 -6 -4 -2 0

RoP (dBm)

Fig. 3. BER performance versus RoP. Insets (i)—(iii) show the measured constellations
at a fixed RoP of —5 dBm. The RoP contains RRH-received optical signal power and
RRH-embedded free-running laser output power.

As seen in Fig. 3, Case-1 and Case-2 show similar BER performances, indicating that the
fiber transmission-induced performance degradations are almost negligible. In comparison with
Case-1 and Case-2, Case-3 exhibits a performance penalty of <1.15 dB at a BER of 3.8 x 1073
which is the adopted 7% overhead hard-decision forward error correction (HD-FEC) limit [48].
Such a power penalty is mainly caused by the 5 m mmWave wireless link which requires electrical
amplification to compensate for the free-space path loss. The impact of the mmWave wireless
link transmission can also be observed by comparing the obtained results of Case-2 and Case-3.
The insets in Fig. 3 show the constellations for each case at a fixed RoP of —5 dBm.
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4.2. mmWave frequency tunability

Using the experimental setup Case-3 (25 km SSMF + 5 m mmWave wireless links), by simply
adjusting the RRH-embedded TL-2 laser wavelength, different mmWave frequencies can be
generated by the optical beating process, without reconfiguring any other electrical/optical
devices. For different mmWave frequencies of 35 GHz, 38 GHz, and 41 GHz, Fig. 4(a) shows
their BER performances after transmitting over 25 km SSMF + 5 m mmWave wireless links.
The results demonstrate an achievable +3 GHz mmWave signal central frequency tuning range
relative to 38 GHz, with transmission performance variations of <1.2 dB at the FEC limit.
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Fig. 4. (a) BER performance versus RoP at 35 GHz, 38 GHz, and 41 GHz mmWave
frequencies, and (b) mmWave frequency tunability (dashed line — BER, left y-axis; dash-
dotted line — SNR, right y-axis).

To further evaluate the mmWave frequency tunability, Fig. 4(b) shows the achievable BER
performances using mmWave frequencies from 35 GHz to 41 GHz with fixed RoPs of —2 dBm
and —5 dBm. Additionally, the observed signal-to-noise ratios (SNRs) are also plotted on the
right y-axis of Fig. 4(b). As expected, the measured BER performances across the considered
mmWave frequency range remain below the FEC limit. However, a slight BER performance
degradation is observed at 36 GHz, attributed to the relatively low SNR of the received OFDM
signal at 36 GHz. The SNR reduction is mainly due to the overall frequency response of the ED,
HPF and the pre-/post-EAs. Additionally, the employed PD with a 3-dB bandwidth of 40 GHz
causes noticeable BER/SNR degradations for mmWave frequencies of >40 GHz. Adopting
advanced optical/electrical devices with flat frequency responses and wider bandwidths could
enable a wider mmWave frequency tuning range.

4.3. Dynamic RRH-laser output power adjustment impact

From the theoretical analysis in Section 2, it is concluded that the power of the recovered signal
after the ED is determined by both the optical data signal power received at the RRH and
the output power of the RRH-laser. This implies the possibility of dynamically and flexibly
controlling the RRH-laser output power to adaptively change the produced mmWave signal
powers for achieving improved transmission performances and flexible mmWave coverages.

To confirm the above statement, using the experimental setup Case-3 (25 km SSMF +5 m
mmWave wireless links), the impact of dynamic variations in the output power of the RRH-laser
(Prru-laser)s TL-2, on the BER performance is investigated and illustrated in Fig. 5(a). The
measured RoPs are also displayed on the right y-axis of Fig. 5(a). Additionally, the corresponding
SNRs of the received OFDM signal after envelope detection are plotted in Fig. 5(b). In obtaining
these results, the adopted mmWave frequency is 38 GHz, and the RRH-received optical signal
power (Pgignal) is controlled by adjusting the output power of the CO-BBU-laser.
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Fig. 5. (a) Impact of RRH-laser output power on BER performance for different RRH-
received optical signal powers (dashed line — BER, dash-dotted line — RoP), and (b) the
corresponding SNR of the received signal after ED.

Fig. 5(a) indicates that increasing RRH-laser powers can effectively improve the transmission
performance for any considered RRH-received optical signal powers. Similarly, increasing the
power of the RRH-received optical signal can enhance the transmission performance for any
considered RRH-laser powers. The results agree with the theoretical analysis in Section 2, this
suggests that increasing either the RRH-received optical signal power or the RRH-laser output
power can enhance the resulting mmWave signal power, thus further improving the SNR of the
UE-received OFDM signal, as confirmed in Fig. 5(b). Therefore, the results verify that dynamic
RRH-laser output power adjustments are beneficial for improving the transmission performance
and increasing the SNR. This potentially enables the BBU to launch low-power optical signals to
fibers for reducing the associated fiber nonlinearity effects. Additionally, this also relaxes the
need for additional post-detection EAs, thereby further potentially increasing signal SNRs.

4.4. Wireless network coverage

To identify the potential maximum achievable network coverage and further evaluate the
dynamic RRH-laser output power adjustment-induced wireless network coverage flexibility, the
experimental setup Case-3 (25 km SSMF + 5 m mmWave wireless links) is used to explore the
transmission performances of the considered OFDM signal for different RRH-laser output powers
and different mmWave wireless link distances. The adopted mmWave frequency is 38 GHz, and
the fiber transmission distance is 25 km. For mmWave wireless distances of <10 m, a physical
mmWave link is used. For each considered physical mmWave link length, VEA is adaptively
adjusted to achieve optimum BER performances in the UE. Whereas, for distances of >10 m,
due to the indoor laboratory space limitation, a 10 m physical mmWave link is employed with an
additional attenuation (introduced by the VEA) to offer an extra mmWave wireless link power
loss based on the equivalent free-space path loss estimation [49]. Three RRH-laser output powers
(PrRRH-1aser) are considered: —3 dBm, O dBm, and 3 dBm, resulting in total RoPs at the PD of
—3.4 dBm, —2 dBm, and 0 dBm, respectively.

The obtained results depicted in Fig. 6 demonstrate that increasing the RRH-laser output power
effectively extends the maximum achievable mmWave signal transmission distance. For instance,
with a low RRH-laser output power of =3 dBm (RoP =-3.4 dBm), the maximum achievable
mmWave wireless link coverage, at the adopted FEC limit, is 21.2 m, while increasing the
RRH-laser output power to 3 dBm (RoP =0 dBm) would extend the maximum mmWave wireless
link coverage of up to 45 m. Thus, a 6 dB increase in the RRH-laser output power (or a 3.4 dB
increase in the RoP) results in an extended wireless coverage range of 23.8 meters. It is also
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worth pointing out that the results in Fig. 6 are obtained by only adjusting the RRH-laser output
power without reconfiguring any other optical/electrical components.
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Fig. 6. The BER performance versus mmWave link distance for different RRH-laser optical
powers. Insets show the measured constellations at the maximum achievable wireless
transmission distance for each RRH-laser output power.

The above results indicate that the system may be suitable for 5G networks including femtocells
for outdoor/indoor coverage. In addition, the results presented in this section and in Section 4.2
also imply that dynamic RRH-laser output power and wavelength adjustment offers a simple and
effective way of flexibly and adaptively changing the wireless network coverage and mmWave
frequency, this can be advantageous for inter-cell interference coordination (ICIC) to reduce its
inter-cell interference.

4.5. System performance robustness and stability

In Section 2, the theoretical analysis shows that envelope detection offers mmWave carrier
frequency drifting- and phase noise-insensitive mmWave down-conversion. This feature con-
siderably relaxes the stringent requirement of deploying narrow linewidth lasers at the RRHs.
To confirm the above statement, the BER performances using two RRH lasers with different
linewidths are evaluated in Fig. 7, which shows the BER performances, for the three considered
cases, using an RRH-laser with either a 10 kHz linewidth ECL (Thorlabs TLX1) or a 2 MHz
linewidth distributed-feedback (DFB) laser (LD-PD PL-DFB-1550-C-1-PA-14BF) with the same
wavelength and output power. The mmWave carrier frequency is ~38 GHz. In the figure, similar
BER results obtained using the two different lasers with different linewidths are observed, thus
confirming the validity of the statement.

Furthermore, in addition to the impact of the laser linewidth, the use of two independent
free-running lasers respectively at the BBU and RRH also results in unwanted time-dependent
carrier frequency drifting of the produced mmWave signals. Using the two different RRH-lasers
mentioned above in the 25 km SSMF + 5 m mmWave wireless links, Fig. 8 shows the resultant
mmWave carrier frequency drifting of the produced mmWave carrier over a 15-minute duration.
The measurements are obtained by repeatedly and continuously measuring the carrier frequency
locations and the maximum amplitudes of the mmWave carrier signal received at the UE before
envelope detection. The resulting mmWave carrier frequency drifting, when the ECL laser
(Fig. 8(a)) is utilized, is approximately 47 MHz, while the use of the DFB laser (Fig. 8(b)) exhibits
a higher mmWave carrier frequency drifting of 155 MHz. The results indicate that, compared to
the ECL lasers, the use of the DFB lasers not only introduces relatively large phase noise but also
leads to a large mmWave carrier frequency drifting.
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Fig. 7. BER versus RoP performance for using different RRH-laser linewidths for (a) oB2B,
(b) 25 km SSMF, and (c¢) 25 km SSMF + 5 m mmWave wireless links. Insets show the
measured constellations at a fixed RoP of —6 dBm: (i), (iii) and (v) are for RRH-laser with
10 kHz linewidth, and (ii), (iv) and (vi) are for RRH-laser with 2 MHz linewidth, respectively.
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Fig. 8. Frequency drifting of produced mmWave carrier for RRH employing (a) 10 kHz
linewidth ECL laser and (b) 2 MHz linewidth DFB laser.

However, despite the frequency drifting and linewidth differences, both types of lasers exhibit
similar BER performances, as shown in Fig. 9. In obtaining these measurements, the RoP is
fixed at —5 dBm, the mmWave frequency is set at 38 GHz, and the BER performances of the
considered OFDM signal after transmission over the 25 km SSMF + 5 m mmWave wireless
links are observed over a time duration of 20-minutes. The results suggest that this converged
fiber-wireless access network possesses excellent performance stability and allows RRHs to
use low-cost MHz-linewidth-level free-running lasers to reduce the overall network capital

expenditure.
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5. Conclusions

This paper has experimentally investigated the performances of the cost-effective seamlessly
converged fiber-wireless access network, which employs a free-running laser at each RRH for
generating mmWave signals via optical beating between the RRH-laser and the BBU transmitted
optical signal, and uses an electrical passive envelope detector at the UE for realizing a cost-
effective LO-free mmWave signal detection. In the considered 1.67 Gbit/s @38 GHz converged
fiber-wireless access network with a 25 km SSMF transmission and 5 m mmWave wireless
links, the obtained experimental results show that dynamic adjustments of the RRH-laser output
wavelength and power not only improve the transmission performance but also offer excellent
mmWave carrier frequency tunability within a wide frequency range, and also provide adaptive
wireless coverage. For the experimental demonstrations, the maximum achievable wireless
network coverage could potentially be extended from 21.2 m to >45 m by increasing the
RRH-laser output power by ~6 dB. Additionally, the results also confirm that the considered
seamlessly converged fiber-wireless access network possesses excellent performance stability and
allows RRHs to adopt low-cost MHz-level-linewidth free-running lasers without implementing
extra techniques in the UE receivers to mitigate the phase noise and frequency drifting effects.
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