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Abstract: Mode-locked optical carriers with applicability for radio over free space optics
(RoFSO) systems have been produced via a ring laser cavity incorporating an add/drop
filter. This technique of generation allowed for servicing of a greater number of channels
in a wavelength-division multiplexing RoFSO system, and the carriers were able to travel
in a free space channel with very little dispersion. Sixteen carriers, having a free spectral
range (FSR) of 12.5 GHz and full-width at half-maximum (FWHM) of 250 MHz, were cre-
ated. Eight of these 16 generated carriers were then separately modulated with eight or-
thogonal frequency-division multiplex signals and subsequently optically multiplexed and
transmitted to a free space optic (FSO) channel using an FSO antenna. At the receiver
side, the received signal was demultiplexed, and the performance of the system was an-
alyzed via calculating the error vector magnitude and constellation diagram of the entire
system.

Index Terms: Mode-locked laser pulse, add/drop filter, fiber laser loop.

1. Introduction

Over the past few years, broadband access providers have faced sustained demands for higher
data rates due to a great variety of new bandwidth-hungry services and an accumulating num-
ber of end users [1], [2]. Free space optical (FSO) systems constitute a promising means to
meet the upcoming requirements of broadband access. FSO links can be conveniently used to
transmit radio frequency (RF) signals, referred to as radio-on-free space optics (RoFSO), where
the physical connection by means of optical fiber cables is impractical due to high costs or other
considerations. RoFSO capacity is similar to that of radio over fiber (RoF) with the difference be-
ing an absence of fiber medium, and it combines the advantages of high transmission capacity
provided by optical device technologies with the ease of deployment due to wireless links [3].
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Fig. 1. Concept of radio over free space optics (RoFSO).

RoFSO also has applicability for indoor optical broadcasting, where a reported experimental
demonstration involved a 15 meter pointed indoor optical wireless link in the 1550 nm wave-
length region and comprised a uni-directional cable television (CATV) signal and a bi-directional
link consisting of two 10 Gbps data links [4]. Performance of these emerging RoFSO systems
for outdoor applications is highly influenced by the deployment environment characteristics, and
has a particular susceptibility to weather conditions such as rain, snow, fog, dust particles, and
so on, that deteriorate the link performance. In these situations, the transmitted optical beam
may experience significant distortions due to the random refractive-index variations, commonly
referred to as scintillation, which can lead to temporary deep fades in the received signal or
even annihilation of the FSO link. Undoubtedly, one of the main challenges for RoFSO commu-
nication systems is overcoming the signal instability caused by atmospheric turbulence [5].

Preliminary experimental attempts for designing and evaluating an advanced dense wavelength-
division multiplexing (DWDM) RoFSO system capable of simultaneously transmitting multiple RF
signals carrying various broadband wireless services, including ISDB-T signals, cellular phone,
wireless LAN, terrestrial digital broadcasting, and upcoming wireless services, over a 1 km FSO
link were reported in [3] and [6]. Fig. 1 illustrates the concept of an advanced DWDM RoFSO link
system detailed in [3].

RoFSO involves the direct optical amplification and emission of RoF signals into free space,
and also the direct focusing of the received optical beams into the core of an SMF. A common
techniques for broadband access is orthogonal frequency division multiplexing (OFDM), which
is robust against frequency selective fading and narrow-band interference, and has high chan-
nel efficiency [7]. It is used mainly in digital terrestrial TV broadcasting and complies with IEEE
802.11 local area network (LAN) and IEEE 802.16 standards.

Utilization of OFDM for RoFSO links was proposed and experimentally demonstrated in [8],
[9]. One report [8] described the first in-field experiment of OFDM over FSO channels at a rate
of 300 Mb/s over a range of 1.87 km. Another paper [9] reported on closed-form bit error proba-
bility (BEP) and outage probability expressions, modeled by the gamma-gamma distribution and
taking into account optical noises, laser diode nonlinear distortion, and atmospheric turbulence
effect on the FSO channel. Such results are useful for designing, predicting, and evaluating a
RoFSO system's ability to transmit OFDM-based wireless services over turbulent FSO links un-
der actual conditions.

While recent works have evolved the OFDM-based RoFSO technology in both indoor and out-
door applications, they have mostly focused on issues related to possible implementation rather
than increasing the number of services in the whole RoFSO system. Since RoFSO is essentially
analog transmission links, a major concern is achieving sufficiently stable and reliable signals.
One possible solution to increase the number of wavelength division multiplexer (WDM) ser-
vices is to generate more optical carriers in the transmitter section namely comb source genera-
tion. Multicarrier optical sources with narrow channel spacing have emerged to meet demands
from networks with dense wavelength-division-multiplexing (WDM) and super dense WDM.
Many solutions have been proposed to achieve low-cost compact multicarrier optical sources
that would provide all the channels required by optical communication standards. These
schemes are based on supercontinuum (SC) generation [10], nonlinear spectral broadening of
intensity modulated signals [11], hybrid modulation with LiNbO3 modulators [12], and phase
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modulation in a regenerative erbium-doped fiber amplifier loop [13]. The proposed setup in this
paper provides simple and efficient wide wavelength range due to generating mode-locked la-
ser. Consequently, by launching generated mode-locked laser into pre-designed add/drop mi-
croring resonator filter with various diameters, the different phase-correlated optical carriers
source with different spacing will be achieved.

Methods for producing mode-locking in a laser may be classified as either “active” or “passive”
[14]. Active methods typically involve using an external signal to induce a modulation of the intra-
cavity light. Passive methods do not use an external signal, but rely on placing some element as
saturable absorber into the laser cavity which causes self-modulation of the light. Typically,
pulsed fiber lasers are either mode-locked or Q-switched. Mode-locked outputs are desired in
scenarios where ultra-fast pulses are desired, although this comes at the cost of the pulse
power.

Fiber lasers have a number of qualities which make them attractive for ultrashort pulse gener-
ation via active or passive mode locking. They can be fabricated with low cost and can be very
compact and rugged-particularly if free-space optics are not used. Considering the fiber laser
cavity, each time the pulse hits the output coupler mirror, a usable pulse is emitted, so that a
regular pulse train leaves the laser. For true soliton mode locking [15], these soliton shaping ef-
fects play a dominant role, and the pulse duration is nearly independent of other parameters. A
saturable absorber is required for starting and stabilizing the mode locking. Each time the pulse
hits the saturable absorber, it saturates the absorption, thus temporarily reducing the losses.
Compared with active mode locking, the technique of passive mode locking allows the genera-
tion of much shorter pulses [16], essentially because of a saturable absorber. The necessary
limitation of nonlinear phase shifts, combined with the fundamental soliton condition, implies
certain scaling laws for soliton mode-locked lasers. For mode-locked fiber lasers, on the other
hand, the nonlinear phase shifts are strong enough in the regime of multiple picoseconds and
typically become too strong for pulse durations well below 1 ps. Erbium-doped fiber (EDF), ex-
hibit a broad gain bandwidth, with a maximum either at 1535 nm or at some longer wavelength
such as 1550 nm-depending on the composition of the fiber core and on the inversion level,
which itself is determined by fiber length, doping concentration and resonator losses. Since the
stability of mode-locked laser investigated by [17], [18], the main objective of this work is to gen-
erate a tuneable number of multi-carriers, as well as increased stability for these carriers. Con-
sequently, the increase in serviceable WDM channels can provide a dramatic upsurge to the
capability of entire RoOFSO systems. The benefits of using a comb source in our design instead
of a WDM source for WDM-FSO transmission is the inherent reduction of laser transmitters in
the optical line terminal of common WDM systems and also the reduced cost of wavelength
stabilization.

In this work, the generation of many optical carriers to be applied in RoFSO system necessi-
tated the use of a ring laser EDF cavity incorporated with an optical add/drop filter. The genera-
tion of carriers from the mode-locked laser is performed experimentally, while the optical add/
drop filter, modulation and transmission of the signals via the RoFSO have investigated and
modeled theoretically. Several reports [19]-[21] recommended exploiting optical carriers in order
to create a spectrum of light over a wide range with a very high stability, and this suggestion
was duly realized in this work. Moreover, control of the ring laser was achieved by manipulating
variable parameters of the system [22]. This paper details a performance evaluation analysis of
the RoFSO system when simultaneous transmitting multiple OFDM signals were modulating the
optical carriers. Additionally, the system design specifications and operating environment were
taken into account for the derivation of the presented error vector magnitude (EVM) for various
FSO links.

2. Optical Multicarrier Generation Principals

The description of mode-locking, in terms of a pulse spectrum that evolves with time, can be
transformed into a description of a pulse with a temporal envelope that evolves on a time scale
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Fig. 2. System setup for multi-carrier generation.

much longer than the pulse width. This conversion is accomplished by means of a Fourier-
transform, in which the Fourier-transform pairs possess the mathematical forms [23], [24]

alt) = / exp(jQH)A(Q)dQ )
AQ) :217 / exp(—jQt)a(t)dt. @)

If AAis used to denote the combined changes of the amplitude per round-trip, then

0
AA = Tao=A(T.1)

with the Haus master equation describing pulse evolution for mode-locking as

Tl At = (0% cjoar)as (g-1+92 qr.t))a 3)
RoT U= (o T/ I oz~ 9

where A(T,t) is a slowly varying electric field envelope denoted as Ei, in (5) described later in
this paper, T is a long-term time variable (used for a slowly varying envelope approximation), t
is a short-term time variable, D is the group delay dispersion (GDD), ¢ is the self-phase modu-
lation (SPM) coefficient, g is the small-signal electric field gain coefficient (as in gain =1+ g), /
is the constant small signal cavity loss, q(T,t) is the saturable loss, Tg is the cavity round-trip
time, and Qg is the full width at half maximum (FWHM) bandwidth of the gain medium [25].

2.1. Experimental Setup To Generate Multi Optical Carriers

Fig. 2 shows the setup employed for multi-carrier generation, in which the fiber laser layout re-
sulted in a mode-locked laser connected to a single add/drop filter. The laser utilized an active
gain medium consisting of a 0.9 m long highly doped Leikki Er80-8/125 EDF that possessed an
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NA of 0.21 to 0.24, mode field diameter of 5.7—6.6 um at 1550 nm, and an absorption coefficient
of 84 dB/m at 980 nm. The EDF was pumped backward by a Lumics 980 nm laser diode (LD)
through a WDM. One end of the EDF was connected to the common output of the WDM, while
the other end was connected to an isolator to ensure no signals propagated in the opposite di-
rection through the EDF. The isolator connected to the WDM was used to avoid any unwanted
back reflection toward the gain medium. This isolator was in turn connected to a polarization
controller (PC), which was subsequently linked to a carbon nanotube (CNT) embedded between
two ferrules. The output of the embedded CNT was guided toward a 90:10 coupler, which ex-
tracted a portion of the signal for analysis. The 90% port was connected to an isolator, which
was then connected to the gain medium. This loop completed the laser cavity.

In order to generate the multi-carriers, the 10% port was divided into two portions using a 99:1
coupler, and thereafter the resulting 99% port was forwarded to the add/drop filter for generation
of evenly spaced multi-carriers with 12.5 GHz spacing while the 1% part was utilized for monitor-
ing purposes. In order to monitor the extracted output prior to the add/drop stage, the generated
mode-locked signal was divided into two evenly powered portions using a 3 dB coupler; one por-
tion was directed to an optical spectrum analyzer (OSA) (model YOKOGAWA AQ6370B) while
the other segment travelled to a photodiode (HP Lightwave Detector DC-6 GHz) and finally a ra-
dio frequency-spectrum analyzer (RF-SA Anritsu MS2683A). This separation process allowed for
calculation of the average output power, the spectrum in the time domain and radio frequency
spectrum via analysis. An OSA (model YOKOGAWA AQ6370B) was used to monitor the gener-
ated multi-carriers following the add/drop step.

2.2. Add/Drop Filter Characterization

There have been several techniques reported up to now for the generation of multi-carriers
used in optical communications [26]-[30]. One method to generate optical multi-carriers lies in
adjusting parameters of Mach—Zehnder modulators (MZM) such as biasing point [31]-[33].
Microring resonators (MRRs) have attracted considerable attention in the field of optical commu-
nications [34], [35]. In addition to the superior stability and beam quality associated with muti-
carriers generated by MRRs, a chief objective of using MRR systems lies in producing greater
numbers of multi-carriers than have been previously reported. Achieving such an objective will
lead to an increase in capability of entire integrated systems [36]-[39]. A single microring re-
sonator configuration as add/drop filter connected to the fiber laser loop was constructed by the
InGaAsP/InP waveguide using optical couplers. The ring resonator circumference is labeled as
L, while the input mode-locked pulse into the ring resonator is given by Ein(t), and the output
signal is expressed by E,(t) [40]. The total refractive index (n) of the add/drop filter is given by

n:no+ngl:no+(£)P (4)
Aeff

where ny and n, are the linear and nonlinear refractive indices respectively, I and P are the opti-
cal intensity and optical power, respectively, and Ag; represents the effective mode core area of
the device. In the case of add/drop events, the effective mode core area given by Ag ranges
from 0.10 to 0.25 um? in terms of practical material parameters (INGaAsP/InP) [41]. When a la-
ser pulse is injected and propagates within an add/drop component, the resonant output is
formed for each round-trip. The normalized output of the light field is defined as the ratio be-
tween the output and input fields (Eout(t) and Ein(t)) in each round-trip. Thus, this normalized
output can be expressed as

Eout(1) . _ _ (-1 -9x)r
a $ (=7~ l1 (1= xyT—AVT = k)% +4xyT— V1 = rsin?(9) | ©)
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Fig. 3. (a) Spectrum of experimentally generated mode-locked laser pulse. (b) RF signals gener-
ated from the mode-locked laser pulses. (c) Autocorrelation trace for the generated mode-locked
laser.

Here, « is the coupling coefficient, x = exp(—aL/2)2 represents a round-trip loss coefficient,
¢ = ¢o + dnL, Where ¢g = kLng and ¢ = kLn2|Ein|2 are the linear and nonlinear phase shifts
respectively, and k = 2x/\ is the wave number [42]. Introduction of an add/drop filter with ap-
propriate parameters is proposed in order to retrieve signals from chaotic noise. The mode-
locked laser output, which is shown in Fig. 3 as the OSA port, is inserted into the input port of
the add/drop filter, and Ey and Egrop represent the resulting output electric fields of the system.
The normalized power of the through and drop ports are then obtained as follows [43], [44]:

2

En|" 11— k1 =21 —r1V/1 = rpeztcos(knlag) + (1 — ko)e L= ©)
En| 14+ (1=r1)(1 = r2)e ok — 2y/T — r1\/T — rpezltacos(kyLag)
En 2_ K1 - K€% Lad )
Ein| 14+ (1—r1)(1 — kp)eolas —2y/T — r1\/T — rpezledcos(knlad)

Here, L,q is the add/drop filter length, where L,y = 27R,q and ¢ and kp are the coupling coef-

ficients. The waveguide (ring resonator) loss was o = 0.5 dBmm™', and the fractional coupler
intensity loss was v = 0.1 [45]-[47].

2.3. Experimental Results of Multi-Carriers Generation

The experimental spectrum of the mode-locked laser pulses is presented in Fig. 3(a). The
generated mode-locked laser has asymmetric sidebands. Sideband asymmetry in a passively
mode-locked soliton fiber ring laser has been carefully investigated in [48]. The power asymme-
try in the sidebands can be explained based on a linear cavity transmission analysis. In the
case of a laser cavity with a multi-birefringent beat length, the nonlinearity of the fiber intro-
duces a nonlinear phase change [49], [50].These observed mode-locked pulses were achieved
at a threshold pump power of about 40 mW, with the optical spectrum having a very wide-
band output together with multiple sidebands present, as can be seen in the figure. After

Vol. 7, No. 5, October 2015 7904112



IEEE Photonics Journal Carriers Generated by Mode-Locked Laser

FSR-—O 1 nm corresponds to 12 5 GHz

E fl f2 f f16
Est

5 250

& MHz

-

o 15495 1550 1550.5

Wavelength (nm)

Fig. 4. Spectrum of the add/drop filter output signals using the input mode-locked laser.

— Optical Carrier Generation «— —» Side (A) «— —— Side (B) «——

RoFSO RoFSO
antenna Gamma- -Gamma  antenna
turbulence channels,

—>

980 nm LD

0.9 m Leikki EDF

AL

Fig. 5. RoFSO system setup.

photodetection, the frequency-spectrum analyzer was used to analyze the beating frequency
for each of the two modes available in the mode-locked spectrum across a 0-500 MHz range,
and the output is shown in Fig. 3(b). Here, the pulses have a free spectral range (FSR) of 20
MHz and FWHM of 350 KHz. Fig. 3(c) shows the autocorrelation trace of the generated mode-
locked laser. The estimated pulse durations at the full-width at half maximum (FWHM) point is
810 fs. The autocorrelation trace and spectrum are well fitted by a pulse profile, indicating that
mode-locked laser is generated.

Fig. 4 shows the results from the add/drop section, which possesses a coupling factor of
k1 = k2 = 0.1, linear and nonlinear refractive indices of 3.34 and 2.2 x 10~'7 respectively and
radius of 1.2 mm, where such signals occur after the mode-locked laser pulse is input into the
add/drop filter. The effective mode core area has been selected as 25 um?. As can be seen
from this figure, the bandwidth and FSR of the mode-locked pulses are enlarged. The finesse
and Q-factor have been subsequently calculated in order to evaluate these signals.

The finesse (F), given by the ratio FSR over FWHM (FSR/FWHM), is approximately 50, and
the Q-factor, which is the ratio of the resonant wavelength to the 3-dB bandwidth (FWHM), is
about 7.73 x 10%. Such results are evidence of this newly proposed and demonstrated system
having high performance. Therefore, the add/drop filter can be used to enlarge the FSR by split-
ting the input spectrum mode-locked laser. When the wavelength of an incident optical signal
propagating within the waveguide overlaps a resonant wavelength mode of the ring, the signal
can be partially or entirely removed from the waveguide. This functionality is particularly well
suited for filtering and switching wavelength division multiplexing (WDM) optical signals and
also multiple-wavelength optical packets. In the work described in this paper, 16 carriers with
the frequency spacing of 12.5 GHz (f, = f,_1 + 12.5 GHz) were generated in the optical domain,
where f; was located at 193.326 THz, and fi;g was located at 193.414 THz.

3. ROFSO System Setup

The system setup for the RoFSO when simultaneously transmitting multiple eight OFDM signals
is shown in Fig. 5. This system involved a 1.2 km line-of-sight (LOS) outdoor FSO wireless link
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TABLE 1
OFDM signal parameters
Parameters Value
DAC sampling rate 10-GSa/s
IFFT size 256
sub-carrier frequency separation 39.0625-MHz
Number of generated subcarriers at BB 64
Bandwidth 2.5-GHz
@1 n 2 3 fa f5 f6 7 f8
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m m I m | m I
5 GHz
-40
—_ < > < > (b)
£ -50 12.5 GHz 12.5 GHz
2 -60
< 70
o
3 80
o
Q. .90
100 f1 f2 3 fa
Frequency (Hz)

Fig. 6. (a) Optical carriers separation and modulation. (b) Modulated OFDM signals.

that could be considered as gamma-gamma turbulence channels. In this case, the probability
density function (pdf) of turbulence channel h; is given as [51]

20 3a+0)/2
) = sy () V% K2 )

where K,_3(-) is the modified Bessel function of the second kind, and 1/5 and 1/« are the vari-
ances of the small and large scale eddies, respectively. It was shown by [52] that the Gamma-
Gamma pdf is in close agreement with measurements under a variety of turbulence conditions.
Tektronix AWG7102 arbitrary waveform generator (AWG) for producing the base band (BB)
OFDM with 16 quadrature amplitude modulation (QAM) mapping for wireless service signals un-
der investigation were placed in one side (Side A in the figure). The parameters for OFDM sig-
nals are listed in Table 1.

According to Table 1 and by considering QAM signaling for OFDM transmission in case of
one channel, the data rate can be exceeded up to 2.5 Gbit/sec. Therefore, for 16 DWDM chan-
nels the total capacity is about 16 x 2.5 Gbit/sec = 40 Gbit/sec.

Since the baseband OFDM signal was complex and bipolar while a real and positive RF sig-
nal is required to modulate the optical carriers in an optical link, generating the real OFDM sig-
nal necessitated a Hermitian symmetry operation and transformation of the OFDM signal to
unipolar. As such, a DC bias was added to the OFDM signal (DC-OFDM) so that the resulting
signal becomes positive.

In side A, 16 generated carriers were separated using a demultiplexer, and, as shown in Fig. 6,
eight of them (fi, 5, f5, 7, fy, f11, f13, f15) Were intensity modulated via their corresponding OFDM signal.
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TABLE 2
Specification of RoFSO antenna
Parameter Specification
Operating wavelength 1550 nm
Transmission power 100 mW (20 dBm)
Antenna aperture 80 mm
Coupling losses 5dB
Beam divergence +47:3 prad
e 800 (m) === 1000 (m) 1200 (m)

-3 -2 -1 0 1 2 3

Received Power (dBm)

Fig. 7. Measured EVM for three different FSO lengths with associated eye diagrams.

After selected carriers were modulated, these modulated carriers along with unmodulated one
were multiplexed and transmitted to the RoFSO antenna using single-mode fibers (SMFs). At
both ends of RoFSO antennas, collimators possessing the parameters for the RoFSO channel
shown in Table 2 were used to couple the optical wireless signal into SMF. These RoFSO an-
tennas consisted of boost and post amplifiers and an optical circulator to separate transmit and
receive signals.

Signal analyzers and other measurement devices and equipment were situated in the other
side (side B in Fig. 5), where the received optical signal was demultiplexed via collector/splitter
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nodes. Subsequently, every two carriers (one modulated and one unmodulated) with a 12.5
GHz frequency difference (like f; and ) were multiplexed and converted to an RF signal using
a photodiode (PD). The RF signal, which was located at 12.5 GHz, was acquired by beating the
two optical beams by a 12.5 GHz frequency distance. As a result, eight RoFSO channels were
acquired for further processing in the receiver part.

The system error vector magnitude (EVM) performance for the downlink stream of the OFDM-
based RoFSO system for one signal was tested. The test was based on the variation of the
FSO length in three distances, these being 800, 1000, and 1200 m, and the EVM variation re-
sult relationship with received power is shown in Fig. 7.

As shown in Fig. 7, the acceptable EVM of less than 10% for three different FSO lengths was
achieved for at least (-1) dBm received power, and the differences in timing and amplitude from
bit to bit cause the eye opening to shrink. For the Fig 7, there is an open eye for each case that
shows a possible successful reception.

4. Conclusion

A laser cavity incorporating an add/drop filter was manipulated in order to generate suitable
mode-locked optical carriers for a RoFSO system. The produced carriers possessed sufficient
stability with low dispersion for traveling in a free space channel. Furthermore, the production
technique provided for greater number of channels for servicing in a WDM RoFSO system. For
this purpose, sixteen mode-locked carriers with an FSR of 12.5 GHz and FWHM of 250 MHz
were generated. Eight of these sixteen carriers were separately modulated with eight OFDM sig-
nals, and then were optically multiplexed and transmitted to an FSO channel using an FSO an-
tenna. It was observed that the received RF signal performance had acceptable EVM results,
and therefore, this proposed method of production and communication can be used to service
extra channels in RoFSO systems.
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