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Abstract—Wireless Gigabit (WiGig) is a recent wireless local
area network that operates at the 60-GHz band and supports a
transmission data rate of up to 20 Gbps. This paper demonstrates
the generation of a V-band millimeter-wave (mmWave) signal using
a new class of InAs/InP quantum-dash laser-based comb source
operating in the L-band region. A 62.5-GHz mmWave signal is gen-
erated with electrical linewidth and phase noise characterization
of 1 kHz and −65 dBc/Hz, respectively. Then, the transmission
of the 6-Gbaud quadrature phase-shift keying (12 Gbps) signal
is experimentally achieved over a hybrid radio-over-fiber (RoF)
and radio-over-free-space (RoFSO) architecture comprising an
11.6-km single-mode fiber (SMF), 6-m FSO, and up to 2-m wireless
link. Moreover, we also report this WiGig signal’s transmission
performance in terms of the measured bit error rate and error
vector magnitude under various density smoke FSO channels,
exhibiting a visibility range of ∼100 m for error-free transmission.

Index Terms—InAs/InP quantum-dash laser diode, mmWave,
RoF, RoFSO, WiGig, L-band.

I. INTRODUCTION

THE rapidly growing data traffic is a defining landscape
for today’s world. This is a consequence of the increasing

number of internet users, which is projected to experience an
approximately 36% growth by 2023 over the number of users
in 2018 [1]. What is interesting about the projection is that
it also estimates a significant contribution from machines to
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the overall traffic; machine-to-machine (M2M) connection is
expected to represent half of the connected devices by 2023.
These projections are not surprising, for they result from the
continuously growing interest in data-hungry applications like
8 K video streaming and Virtual/Augmented Reality (VR/AR) as
well as technologies with the massive machine-type connection
such as the Internet of Things (IoT).

A downside of the projected accelerating growth in data traffic
is that it needs to be matched with wireless communication
systems and networks capable of meeting the demands for data
and services. With the abundance of bandwidth available in the
millimeter-wave (mmWave) spectrum, mmWave systems and
networks are envisioned as one promising solution to shoulder
the burden of that traffic [2], [3]. Wireless Gigabit (WiGig),
standards IEEE 802.11ad and IEEE 802.11ay, is an excellent
example of mmWave systems that attempts to meet those traffic
demands. It operates in the 60 GHz band and offers a vast band-
width of roughly 14 GHz. This makes it capable of providing
Giga-bit per second (Gbps) data rates, e.g., up to 8 Gbps for IEEE
802.11 ad and up to 100 Gbps for IEEE 802.11 ay. Hence, serve
the growing number of users [4] and enables applications such
as high-speed video streaming and data transfer [5]. Besides,
beamforming technology, at this band, encourages the utilization
of WiGig signals to demonstrate beam-focused applications
such as device-to-device communications [6] and crowd man-
agement [7].

Although WiGig has the potential to support the growing data
traffic, its reliance on the mmWave spectrum brings about new
deployment challenges, one of the most important of which is the
short-range propagation [8]. This is a result of the propagation
characteristics of signals in the mmWave range and, especially,
the 60-GHz band [2]. Particularly, Oxygen molecules cause
intrinsic atmospheric attenuation of 15 dB/km at the 60-GHz
band [9]. This challenge could be tackled by densifying the
wireless network and deploying more access points within a
relatively small geographical region [10]. However, this densi-
fication solution needs the support of a capable infrastructure,
one that is relatively low-cost and can handle the huge traffic
passing through the network.

A great candidate for such infrastructure is the radio-over-
fiber (RoF) networks where mmWave signal is loaded di-
rectly over fiber channels, benefiting from the widely deployed
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optical networks, low transmission attenuation, low latency,
high transmission rates, and broad-spectrum optical devices. In
addition, free-space-optics (FSO) is a license-free technology
that is envisioned as a coexistence solution with legacy fiber/RF
Infrastructure for the ’last mile’ connectivity in 5G and 6G
networks [11]. FSO channels can be easily installed where fiber
deployment is not feasible. However, signal transmission over
FSO links is subject to outdoor environmental conditions. One
of these conditions is smoke. Smoke particles in the air can
cause signal scattering and hence power loss, specifically for
FSO signals, because smoke particles are comparable to the FSO
signal wavelength. Using FSO links in industrial cities subject
to high pollution is challenging, and system performance inves-
tigation is critical before installation. In [12] and [13], authors
investigated and modeled the amount of signal attenuation due
to smoke particles for FSO links. In [14], the authors found that
using a 2µm wavelength light source is less attenuated by smoke
than using 1.5 µm.

Recently, RoF and hybrid RoF/FSO networks were proposed
to demonstrate photonics-based mmWave signal generation and
transmission [15], [16], [17]. For instance, a hybrid RoF, RoFSO,
and wireless (WL) transmission of mmWave signal at 25-GHz
was demonstrated in [15]. The system comprises a 5-km single-
mode fiber (SMF), 2-m FSO channel, and 3.3-m WL channel.
The transmission performance of long-term evolution signal
with 4/16/64-quadrature amplitude modulation (QAM) formats
were evaluated under various turbulent indoor FSO channels.
In [16], a bidirectional RoF architecture was introduced to
generate a 60-GHz quadrature amplitude modulation (QPSK)
orthogonal frequency division multiplexing (OFDM) signal.
The transmission was achieved over 15-km SMF and 0.6-m WL
channels. In [17], a RoF communication system of 22.5-km SMF
and 1-m WL was proposed to generate and transmit 2/4/8-Gbaud
QPSK and 16-QAM signals over 130-GHz mmWave carrier.

In addition, advanced laser sources have been considered
extensively as new sources for mmWave signal generation by
employing flexible optical heterodyne. Specifically, mmWave
signals in the 60-GHz band have been generated by exploiting
various lasing methods [18], [19], [20], [21], [22], [23], [24],
[25]. For example, a dual-wavelength fiber laser (DWFL) was
proposed in [18] using a fiber laser ring cavity to obtain coherent
and tunable DWFL with 60 GHz spacing in the 1550 nm region.
The transmission performance was assessed using 16-QAM
OFDM signal in a RoF architecture of 20 km SMF and 10-m
WL channels. In [19], a directly modulated dual-mode laser
with dual-mode injection locking in the 1550-nm region has
been employed to generate a 60-GHz mmWave signal. The
RoF system was evaluated by transmitting a 16-QAM OFDM
signal of 6 Gbps over 4-km SMF and 3-m WL channels. Also,
a hybrid integrated InP-Si3N4 dual laser module, lasing in the
1550-nm region, was considered in [20] to demonstrate a RoF
architecture of 10-km SMF and 1-m WL channels. The mmWave
signal was obtained in the 60-GHz band, and 64-QAM OFDM
signals of 9.84 Gbps were used to evaluate the transmission
quality. In [21], a gain-switched distributed feedback laser was
employed to generate a 60 GHz mmWave signal. The transmis-
sion performance was demonstrated using a 16-QAM OFDM

Fig. 1. Architecture of hybrid RoF and RoFSO for WiGig communications.
SMF: single mode fiber and FSO: free-space optics.

signal of 25 Gbps transmitted over 50 km SMF and 2-m WL
channels. Furthermore, very recently, InAs/InP quantum-dash
(QD) nanostructure-based lasers have been used extensively as
a colorless source for mmWave signal generation in RoF and
RoFSO architectures [22]. In [23], [24], the authors demon-
strated a C-band QD passively mode-locked laser to generate
a 60-GHz mmWave signal of 1.12 Gbps raw data rate in a
RoF network of 25-km SMF channel. Also, a C-band QD
dual-wavelength distributed feedback laser was demonstrated,
in [25], to generate a 60-GHz mmWave signal of 24 Gbps in a
RoF architecture of 25.22-km SMF.

So far, the above methods generate 60-GHz mmWave signals
using matured C-band lasing technologies. To our knowledge,
no significant work has yet been reported demonstrating 60-GHz
mmWave signal generation and transmission using L-band laser
technology. Fig. 1 illustrates a conceptual architecture of the
proposed hybrid RoF, RoFSO, and outdoor WiGig access points
(APs) architecture where RoF is used in the backhaul to support
the WiGig APs with high-speed data rates. When there are
obstacles such as rivers and mountains, FSO links are a good
alternative. In general, hybrid links that include RoF and FSO
are an excellent choice for future WiGig communications. In
this paper, we experimentally demonstrate, using an L-band QD
laser diode (LD) based mmWave comb source (QD-mmWave),
the generation of V-band mmWave signals for high-speed WiGig
signals transmission. The performance of the obtained 62.5-GHz
mmWave signal is assessed in terms of electrical characteristics
and transmission quality. First, the RF phase noise and line-
width of the generated mmWave signal are reported. Then, data
transmission of 4/6-Gbaud (8/12 Gbps) QPSK is successfully
achieved over three different channels; (i) 11.6 km SMF-6 m
FSO-2 m WL, (ii) 11.6 km SMF-2 m WL, and (iii) 2 m WL.
Moreover, the smoke weather condition effect on the transmitted



RAGHEB et al.: ENABLING WiGig COMMUNICATIONS USING QUANTUM-DASH LASER SOURCE 7257807

Fig. 2. Experimental setup illustrating different types of transmission channels. QD: quantum-dash laser, mmWave: millimeter-wave, TBPF: tunable bandpass
filter, PC: polarization controller, OA: optical amplifier, LD: laser diode, PM: power meter, VOA: variable optical attenuator, PD: photodiode, DSO: digital storage
oscilloscope, LNA: low noise amplifier, HA: horn antenna, IQM: in-phase-quadrate modulator, LO: local oscillator, IF: intermediate frequency, SMF: single mode
fiber, CP: power splitter and combiner.

signal is investigated experimentally using an indoor chamber
designed for this purpose. The visibility range parameter is
selected for the analysis, and the results dictate the a value of
∼100-m is required to maintain successful transmission.

The remaining sections are organized as follows. Section II
discusses the experimental setup, including generating the V-
band carrier using QD LD and the hybrid transmission links. In
Section III, we discuss the performance of the generated V-band
carrier signal and the obtained results of transmitting a high-
speed QPSK signal. In addition, we present the effect of smoke
on the transmitted signal using different performance metrics.
Finally, we conclude in Section IV.

II. EXPERIMENTAL SETUP

The block diagram used in this investigation is illustrated in
Fig. 2. A digital storage oscilloscope (DSO, Keysight DSOX
932048) is shown at the right end of the block diagram, which
receives the down-converted intermediate frequency (IF) elec-
trical signal for processing after passing through a sub-harmonic
mixer (SHM, Virginia Diodes WR15SHM) that is fed by a
local oscillator (LO), and the mmWave electrical signal from
the horn antenna (HA2, QuinStar QWH-VPRR00 50-75 GHz,
24 dBi gain) at 62.5 GHz. The HA2 (receiver) is fixed on an
adjustable stage capable of moving over a distance of 0-2 m
in conjunction with an identical HA1 (transmitter), which is
fed by a low-noise amplifier (LNA, QuinStar QLW-50754530),
with 30-dB gain, that amplifies the mmWave signal received
from the photodiode (PD, Finisar XPDV3120R). As shown in
Fig. 2, the PD receives an optical signal via a variable optical
attenuator (VOA, Agilent N7764 A) fed by two different channel
configurations. The first is a fixed 6-m FSO channel, while
the second configuration consists of a 3-m FSO channel inside
a closed chamber (dimensions 100 cm × 20 cm × 20 cm).
To perform measurements under different smoke conditions,
i.e., the occurrence of low to dense smoke conditions, an

experimental setup with a long observation time is required,
which is challenging. In addition, it is not easy to reconduct
the measurements under the same conditions in an outdoor
environment. Therefore, a controlled indoor environment seems
an excellent choice to investigate a communication systemâs
performance under smoke conditions [12], [26]. In this work,
a chamber is built to examine the performance of the QD-
mmWave for WiGig applications under smoke weather condi-
tions. The smoke channel has been established via two free-
space collimation packages (Thorlabs F810APC-1550) used to
couple the signal to and from the free-space. Also, two optical
mirrors (M1 and M2) were used to reflect the optical beam twice
to realize a length of 3-m. Increasing the optical path length
improves the homogeneity of the smoke within the chamber.

Dry smoke particle generation is achieved using a smoke
generator machine, which heats the glycerol-based liquid [13],
[14]. Inlets/outlets and fans are used to control the density and
distribution of the smoke within the chamber. In this work, the
visibility range parameter (V ) is exploited to study the impact
of smoke on the communication link. This parameter is widely
used in the literature to design and analyze optical wireless
communication links. It is defined as the range to an object
where the visual contrast drops to 2% of the original. When the
smoke is dense, the visibility range decreases. To measure the
visibility range parameter, an FSO link that includes 550 nm LD
(i.e., green laser) and a visible band power detector (Thorlabs
S121 C) is installed parallel to the communication link. The
visibility range parameter is defined mathematically by [12],
[26]:

V = −7.4L/log(T ), (1)

where L is the link distance in km and T is the optical signal
transmittance, which is measured using the setup as a ratio of
the received signal power with smoke to that of without smoke.

To realize variable visibility inside the chamber, we first fill
the chamber with a large amount of smoke. This gives the highest
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homogeneous smoke density, which corresponds to the largest
signal attenuation. Then, the three window caps of the chamber,
shown in Fig. 2, are opened, and the smoke particles start to
leave the chamber slowly; thus, decreasing the smoke density
in the chamber and eventually disappearing. The change of the
smoke particles’ density along the propagation link with time
provides the possibility to measure the visibility range under
different smoke densities.

To measure the output optical power from the chamber, 2% of
the output arm of the 98/2% optical coupler (CP3) has been em-
ployed and connected to an optical power meter (PM, Thorlabs
PM320E), while the other 98% arms serve as the optical signal
to the VOA. These configurations receive optical signals from
an optical amplifier (OA2, Amonics AEDFAL-EX2-B-FA) via
an 11.6 km SMF, which is then connected to the FSO channels
via a collimated lens system. Two optical tones coupled via CP2
(50/50 %) serve as the input to the OA2. The in-phase-quadrature
modulator (IQM, Fujitsu FTM7977HQA) on the top arm of
the transmission system, single-sideband modulates the short-
wavelength optical tone (blue, λ1) as depicted in Fig. 2. A polar-
ization controller (PC1) was utilized at the IQM input to align
the short-wavelength polarization with that of the IQMâs input.
This optical tone is selected from the amplified (OA1, Amonics
AEDFAL-EX2-B-FA) optical spectrum of QD-mmWave after
passing through a CP1 (50/50%), using an adjustable bandpass
filter (TBPF1, EXFO XTM-50). The bottom arm, i.e., output
arm of CP1, on the other hand, is used to choose the other
non-modulated long-wavelength optical tone (red, λ2) from the
amplified QD-mmWave optical spectrum as depicted in Fig. 2,
with optical tones separation being 62.5 GHz. PC2 was used in
the non-modulated carrier path to match the polarization of the
modulated and non-modulated carriers. The short-wavelength
tone (λ1) from the upper arm is externally modulated with
an 8-12 Gb/s QPSK drive signal, as baseband optical modu-
lation, in IQM using an arbitrary waveform generator (Keysight
M8195 A), which is generated under a MATLAB environment
using a drive signal generated via 211 − 1 pseudo-random bit-
sequence length.

III. EXPERIMENTAL RESULTS

A. Electrical and Optical Characterization

The QD-mmWave constitutes a bare QD-LD, which can be
observed from the bottom inset of Fig. 3. The as-cleaved output
power from the device’s single facet is coupled into an in-house
made lensed SMF. The bare 3Ã800 µm2 InAs/InP QD-LD
consists of a four stack chirped barrier thickness InAs dash in
an InGaAlAs asymmetric well structure [22]. Keithley2520 was
utilized to probe the Fabry-Perot device (a photograph of the
probing station is shown in the central inset of Fig. 3) with a
continuous wave current of ∼150 mA (∼1.75Ith where Ith is
the threshold current), whose ultra-broadband lasing spectrum
was self-injection locked to obtain a single-mode emission of
∼40 dB side-mode-suppression-ratio (SMSR) with low noise
and small optical linewidth. Later, a broadband emission of
several comb lines (>14 lines) is realized with 12.5 GHz spacing
exploiting two cascaded phase modulators (PM1 and PM2)

Fig. 3. QD-mmWave source broad spectrum emission. The upper inset shows
the block diagram of the QD-mmWave source. The lower inset shows the
photograph of the probing station and the bare QD-LD.

driven by a 12.5 GHz RF signal, as shown in the top inset of
Fig. 3.

The generated optical spectrum of the QD-mmWave is shown
in Fig. 3, which is measured before OA1 using an optical spec-
trum analyzer (Agilent 86142B, 60 pm resolution), displaying
a near-flat top emission with ±1 dB flatness. As shown in the
schematic of Fig. 2, two modes, λ1 = 1610.40 nm (blue) and λ2

= 1611.06 nm (red), corresponding to 62.5 GHz spacing, were
selected from the upper and lower arms of the transmitter system,
respectively, after passing through OA1 and CP2. However,
before initiating the transmission experiment, the electrical char-
acteristics of the non-modulated 62.5 GHz mmWave beat-tone
were evaluated by passing the output of CP2 directly into the
PD and investigated with an electrical signal analyzer (Keysight
N9010B). Owing to the bandwidth limitation of the electrical
signal analyzer, the electrical characterization of the mmWave
beat-tone was accomplished by down-converting the signal from
62.5 GHz to an IF= 4.7 GHz, and the measured coarse electrical
spectrum is depicted in Fig. 4(a). The inset of Fig. 4(a) illustrates
the RF linewidth of the mmWave signal under fine resolution,
where the−3 dB linewidth of∼1.0 kHz was calculated. Fig. 4(b)
plots the measured phase noise parameter of the downconverted
mmWave signal, exhibiting superior characteristics. The phase
noise was measured to be −45 dBc/Hz and −65 dBc/Hz at
100 Hz at 1 kHz frequency offset. It is noteworthy to mention that
the deployed mid L-band QD-mmWave source can potentially
be replaced with a mere single section passively mode-locked
QD-LD device of appropriate cavity length if mode-locking is
observed at the present operating wavelength of ∼1620 nm,
which has been matured in the 1550 nm window.

B. 62.5 GHz Mmwave Transmission

The performance of the proposed system is investigated under
different channel scenarios and transmission speeds. Fig. 5(a)
illustrates the BER performance of a 12 Gb/s QPSK signal
transmitted over WL channels. The measurements are taken
over three wireless RF channel lengths: 1 m, 1.5 m, and 2 m. In
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Fig. 4. Electrical characteristics of the downconverted mmWave signal in
terms of (a) coarse electrical spectrum and (b) measure phase noise. The inset
shows a fine resolution RF spectrum.

addition, the measurements are compared with the back-to-back
(BtB) configuration when there is no wireless channel. The
results show that longer WL channels introduce more attenu-
ation for the transmitted signal, causing higher BERs due to
the free-space path loss. Compared to the BtB configuration,
the 1-m, 1.5-m, and 2-m WL wireless channels require 3 dB,
3.8 dB, and 4.1 dB more optical power, respectively, to obtain
the same BER performance, i.e., FEC limit (BER=3.8× 10−3).
Fig. 5(a) insets show the signal constellation and eye diagrams
corresponding to the 2-m WL link length near the FEC limit (at
a received power of 6 dBm).

Next, the performance of the 12 Gb/s QPSK signal is inves-
tigated over different hybrid transmission links. This includes
11.6 km SMF-1 m WL hybrid link, 11.6 km SMF-2 m WL
hybrid link, 11.6 km SMF- 6 m FSO- 1 m WL hybrid link, and
11.6 km SMF-6 m FSO- 2 m WL hybrid link. The performance
of the transmitted signal over different hybrid links in terms of
BER is illustrated in Fig. 5(b). Similar to the results in Fig. 5(a),
longer WL links cause more power loss and hence higher BER,
due to the free-space path loss. When FSO links are introduced,
a slight power loss of ∼0.1–0.2 dB is observed. This loss is
attributed to the light collimation into the SMF at the FSO link
receiver side. It is worth to mention that the loss in optical power
caused by adding either the SMF channel (∼ 3 dB) or SMF-FSO
channel (∼9 dB) was compensated in the second EDFA (OA2)

Fig. 5. Performance of the transmission system in terms of BER versus the
received optical power for (a) 12 Gb/s QPSK signal and wireless channel, (b)
12 Gb/s QPSK signal and hybrid transmission channel, and (c) 8 Gb/s QPSK
signal and hybrid transmission channel.

shown in Fig. 2, to attain the same received optical power range
for a fair comparison with the WL case shown in Fig. 5(a). In
general, the results show the capability of the proposed system in
Fig. 2 to support the transmission of high-speed signals using a
QD-mmWave source over hybrid links. The constellation and
eye diagrams show the signal performance at the FEC limit
demonstrating well separated all the four clustered group and
visible open eyes, respectively

The scenario in Fig. 5(b) is repeated in Fig. 5(c) but with a
lower-speed transmission signal, i.e., 8 Gb/s. In comparing the
performance of the 8 Gb/s and 12 Gb/s QPSK signals, we notice
that for the same BER (FEC limit) and 11.6 km SMF-6 m FSO-
1 m WL hybrid link, the 12 Gb/s QPSK signal requires ∼0.8 dB
more optical power. Moreover, when the WL link increases to
2-m, ∼1 dB extra power loss is needed to reach the same FEC
limit. It is worth noting that the transmission performance of
the individual WL and SMF-WL channels at 8 Gb/s speed will
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show a slight difference in the optical receiver sensitivity with
respect to the whole hybrid channel (SMF-FSO-WL); this has
been concluded from the results shown in Fig. 5(a) and (b)
for the 12 Gb/s case. The constellation and eye diagrams of
the 2-m WL RoF and RoFSO link show successful received
signal performance near the FEC limit. In general, higher data
rates require more optical power to achieve successful trans-
mission than the lower data rates which are ascribed to the de-
ployed system’s equipment and optical and electrical component
bandwidth limitations.

C. 62.5 GHz Mmwave Transmission Under Smoky Channel

The discussion in the previous subsection was dedicated to a
clear free-space indoor channel. In this subsection, we investi-
gate the effect of smoke particles on the signal’s transmission
performance. When the optical signal propagates in free-space,
the smoke particles cause signal scattering, yielding power loss
(attenuation) at the receiver. The severity of the attenuation
depends on the smoke density. Such density can be expressed
in terms of visibility range and specific signal attenuation pa-
rameters, as has been applied to the dust environment in liter-
ature [26]. In the subsequent analysis, we considered 12 Gb/s
QPSK signal transmission over 11.6 km SMF, 3 m FSO smoke
channel, and 0.1 m WL link length. The received optical power
at PD was measured to be 5.7 dBm with an EVM of ∼22%
before injecting smoke into the chamber. It is worth mentioning
that the smoke channel exhibited ∼1.5 dB higher channel loss
compared to the 6 m clear weather FSO link. Hence the required
received optical power, in the present scenario, to reach the EVM
value as mentioned above, is expected to be larger than the clear
weather transmission results.

Fig. 6 illustrates the performance of a 12 Gb/s QPSK signal
in terms of the visibility range. The visibility range reduces
for the high density of smoke particles. Four performance met-
rics are considered here; BER, error vector magnitude (EVM),
signal-to-noise ratio (SNR), and received electrical power. It is
clear from Fig. 6(a) that the BER increases for the low visibility
range due to signal power loss. The FEC limit is achieved at
about a 100-m visibility range. This value of visibility range
corresponds to 37% EVM and 8.5 dB SNR. Such values ensure
the successful transmission of the 12 Gbps QPSK signal under
the examined smoke channel [27]. Therefore, for the setup
proposed in Fig. 2, the visibility range should be at least 100-m
to successfully transmit a 12 Gb/s QPSK signal. The insets
in Fig. 6(a) (top right) show the signal constellation and eye
diagram at poor performance, i.e., low visibility range, while
the insets in Fig. 6(a) (bottom left) show good performance, i.e.,
large visibility range.

In Fig. 6(b), the investigation is carried out regarding the EVM
and SNR metrics. Similar to BER, the EVM value decreases
for the high visibility range because of less power loss. On
the other side, the SNR value improves for higher values of
visibility range due to signal power improvement. In these
cases, the FEC limit is also achieved at about 100-m visibility
range, thus corroborating well with the calculated value from
Fig. 6(a). The effect of the visibility range on the received

Fig. 6. Performance of the transmission system in terms of visibility range
versus (a) BER, (b) EVM%, and (c) electrical power.

electrical power is depicted in Fig. 6(c). The curve shows
clearly that the received power improves for higher values of the
visibility range.

The specific signal attenuation is a valuable parameter to be
considered in FSO communications. It is used in planning the
free-space link budget, which defines the amount of power loss
in dB/km. In Fig. 7, the performance of the 12 Gbps QPSK is
investigated as a function of the signal visibility range, BER, and
EVM, versus the specific signal attenuation parameter. Fig. 7(a)
indicates the visibility range in meters versus the specific signal
attenuation in dB/km. For instance, a 1000-m visibility range
expresses a 100-dB/km specific signal attenuation. When the
visibility range reduces to 100-m, the specific signal attenuation
increases around ten times.

The system performance in terms of SNR and EVM is indi-
cated in Fig. 7(b). Since the increase of the specific signal at-
tenuation parameter means more power loss, the SNR decreases
while EVM increases. In this case, the FEC limit corresponds to
around∼900–1000 dB/km specific signal attenuation. Similarly,
the BER results are illustrated in Fig. 7(c), where the FEC limit
is achieved for around the same value of the specific signal
attenuation, i.e., ∼900–1000 dB/km.
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Fig. 7. Performance of the transmission system in terms of specific attenuation
versus (a) visibility range, (b) EVM%, and (c) BER.

IV. CONCLUSION

This paper proposed the generation of a 62.5-GHz mmWave
signal using a mid L-band QD LD based mmWave comb source.
First, electrical characterizations were performed on the gener-
ated mmWave signal in terms of measured RF linewidth and
phase noise, exhibiting small values and thus affirming quality
mmWave carrier signal generation. Then, a 12 Gbps QPSK
mmWave signal was successfully communicated over various
transmission mediums comprising 11.6-km SMF, 6-m FSO, and
2-m WL. A worst-case receiver sensitivity of 5.5 dBm was
required under the hybrid channel to achieve the BER-FEC limit.
Also, the effect of various densities of smoke FSO channel on
the quality of the 62.5-GHz 12 Gbps mmWave signal was in-
vestigated. Around 100-m free-space visibility range was found
to achieve successful transmission under an indoor controlled
smoky channel environment.
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