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Abstract: In this paper, we present the simulation and experimental results of the �rst closed-
loop system based on a directly modulated VCSEL in a gain-switching condition to generate
optical frequency combs (OFC). In order to simulate the self-starting VCSEL-based optical
frequency comb generator (SVOFC), we applied an intrinsic parameter extraction process to a
C-band VCSEL using laser rate equations, static and dynamic measurements, and equivalent
circuit models. The widest (62 GHz) and �attest (0.8) simulated OFC is obtained when the
repetition frequency f 0 is 2.5 GHz. Implementation of the C-band SVOFC also shows that
under constant electrical conditions, �atness higher than 0.85 and spectral widths of 50 GHz are
obtained when f 0 = 2.5 GHz. The lowest phase noise at 10 kHz from the extracted electrical
carrier is -127 dBc/Hz and is obtained when the optical �ber length is 5 km and f 0 = 1.25 GHz.

' 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Over the last few years, optical frequency comb (OFC) generation has emerged as a research
topic of particular interest with a wide variety of applications such as spectroscopy [1,2], THz
generation [3], LIDAR [4], optical communications [5], and physical variable sensing [6].
Additionally, the gain-switching (GS) technique has received special attention over other OFC
generation techniques (e.g., mode-locking [7] and electro-optic modulation [8]) owing to its high
�exibility, easy implementation, and low losses [9]. Frequency combs generated through GS
of semiconductor lasers are characterized by high e�ciency, high correlation between modes,
and good tunability characteristics [10]. The GS technique consists of large-signal modulation
of a semiconductor laser at a speci�c repetition frequency to ensure that only the �rst spike
of the transient relaxation oscillations is excited [11]. Although edge-emitting lasers such as
distributed feedback (DFB) [12] and discrete mode lasers (DML) [13] are preferred for their
large modulation bandwidths, vertical-cavity surface-emitting lasers (VCSELs) have also been
used for gain-switched OFC generation owing to their low threshold currents, low cost and
single-mode transverse emission [14]. VCSEL-based OFCs produce energy-e�cient and high
mode coherence combs [15]. Also, two linear polarized OFCs in orthogonal directions can
be produced using one gain-switched VCSEL under speci�c temperature and bias conditions
[16,17].
Short-wavelength (SW) VCSELs are the dominant technology in data centers [18] (board

interconnection) due to their mature manufacturing processes and high bit rates achieved at
wavelengths from 850 nm to 980 nm [19,20]. Nevertheless, the capacity and link reach is
limited by transmission losses and dispersion e�ects (chromatic and modal) in the optical �ber.
Therefore, single-mode long-wavelength (LW) VCSELs, emitting in the range from 1260 nm to
1675 nm, are used today for short and long-reach interconnections applying di�erent modulation
formats to perform bit rates up to 100 Gb/s [21]. In the ’90s, GS was applied to SW-VCSELs
for optical pulse generation, and pulse durations of 19 ps and 24 ps were obtained at repetition
frequencies of 0.5 GHz [22] and 8 GHz [23], respectively. Likewise, LW-VCSELs have been
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widely used for short pulse generation [24] through GS and pulse timing jitter reduction using
optical injection (OI) [25].

The OFC generation through closed optoelectronic loops has been widely investigated during
the last decade. This mechanism has two features: the absence of external microwave signal
generators and the presence of one or more cascade external modulators, which allow the
generation of �at optical combs and sometimes, adjustable frequency spacing. In [26], the authors
demonstrate an OFC generator based on an intensity modulator to generate a self-sustained
microwave signal and a cascade phase modulator employed to enhance the number of comb
tones. Optical combs with a �atness of 0.89 and 0.93 were generated at frequencies spaced 10
GHz and 12 GHz, respectively. A more complex implementation described in [27] includes an
integrated dual-polarization dual-parallel Mach-Zehnder modulator (DP-DPMZM) to perform an
up-conversion process. To up-convert an intermediate signal (IF) to di�erent frequency bands,
the OFC generated from an optoelectronic oscillator (OEO), and the �rst DPMZM is beaten
in a photodetector with the optical-modulated intermediate frequency signal from the second
DPMZM. An OFC with a spectral width of �0.5 nm and seven optical tones separated at 10.8
GHz was generated. Other implementations replace the electrical �lter of conventional OEOs
with an optical �lter using the frequency shift produced by stimulated Brillouin scattering (SBS)
in an optical �ber [28,29]. The two proposed architectures yield an OFC with seven and nine
tones at a frequency spacing of 10.89 GHz and 10.87 GHz, respectively.
In this article, we present the �rst self-starting closed-loop system for OFC generation based

on an LW-VCSEL in GS condition. Unlike the systems with gain-switched VCSELs available
in the literature, our system called self-started VCSEL-based optical frequency comb generator
(SVOFC) does not require an electrical microwave reference signal. On the contrary, it can
generate a low phase noise signal provided by the quality factor of the optical resonant cavity
used. Furthermore, compared to closed-loop systems for OFC generation, the SVOFC exhibits
a straightforward architecture because it does not incorporate any external optical modulation
mechanism and includes a single ampli�cation stage in the electrical domain.
In order to validate our system’s performance, we propose a closed-loop simulation using

a software tool. This type of simulation is not widely presented in the literature, and in many
cases, the behavior of the components is assumed to be ideal. To obtain a better approximation
of the real behavior of the VCSEL in GS condition, we performed an intrinsic laser parameter
extraction. Some extraction procedures are based on measurements of the optical spectrum of
the lasers operated in continuous-wave mode [30,31], AC small-signal response above threshold
[32], and equivalent circuit models [33]. The model used in our work is based on the procedure
proposed by Bacou et al. [34] for LW-VCSELs using dynamic measurements and an electrical
model of the active region. Our procedure includes an electrical model of the electrical access,
including wire bondings and TO package leads.
The paper is structured as follows. In Section 2 we present the architecture of a self-starting

system for optical frequency comb generation called SVOFC. The rate equations for a single-mode
VCSEL and the equivalent circuit model of the active region are presented in Section 3. In this
section, the intrinsic parameter extraction of a C-band VCSEL is described and the extracted
parameters are used to simulate the SVOFC generator in VPIphotonics Design SuitTM . In Section
4 the experimental OFCs are compared in terms of their �atness and spectral width, and the
phase noise measurements of the electrical carrier are presented when O and C-band VCSELs
are used. Finally, we will provide some conclusions to our work.

2. SVOFC principle and architecture

The self-started VCSEL-based optical frequency comb generator (SVOFC) allows optical pulse
generation at a repetition frequency f0 through a closed-loop self-starting system. The resonant
cavity system consists of a single-mode optical �ber (acting as a Fabry-Perot resonator) with
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length L, quality factor Q = � � f0�FSR, and free-spectral range FSR = c�„nf � L” (nf refractive
index). The noise provided by the components initiates the self-sustained oscillation. The optical
pulses are generated by direct modulation of a VCSEL in gain-switching condition. The spectral
purity of the modulating signal, which can be extracted from the loop just before modulating the
VCSEL, is in�uenced by the quality factor of the resonant cavity.

In the time domain, the optical output of the SVOFC consists of optical pulses with amplitude
Ap and full-width at half-maximum FWHM. The same optical output in the frequency domain
corresponds to an optical frequency comb (OFC) characterized by the envelope �atness (de�ned
as the ratio of total tones at 10 dB to total tones at 20 dB) and the 10 dB and 20 dB spectral widths,
�f10 and �f20 respectively. The optical characteristics of the OFC depend on the fundamental
frequency f0, the driving signal power, and the bias current of the VCSEL. In [35], the authors
demonstrate that high-quality OFCs can be obtained at high bias currents and large driving signal
amplitudes. Simultaneously, they proved that the smallest amplitude at which wide OFCs can be
generated occurs when the f0 frequency is close to the laser’s resonance frequency fR (related to
the bias current). In the time domain, an OFC consists of an optical pulse train with a repetition
frequency f0 and physical characteristics in�uenced by the electrical conditions of the GS regime.
For example, the pulse duration (FWHM) can be reduced when only the �rst spike of the transient
laser relaxation response is excited by using a f0 frequency higher than the transient response
frequency [36].

The architecture of the SVOFC is shown in Fig. 1. The VCSEL optical output is connected to
an optical isolator to avoid back re�ections. The optical pulses are extracted by one arm of a
variable ratio optical coupler (VROC) and reinjected into the system by the other arm. Then, the
optical pulses are photodetected and microwave harmonics are generated at frequencies multiples
of f0. The fundamental frequency harmonic is ampli�ed through a microwave ampli�er and
�ltered by a band-pass �lter centered at f0. Finally, the loop is closed with the microwave signal
by modulating the VCSEL directly through a bias-tee. The modulating electrical signal can be
extracted via an electrical coupler (EC). An electrical attenuator is included to ensure the loop
gain and the gain-switching condition. The �oor phase noise of the fundamental frequency is
governed by the ampli�er white noise and can be reduced by adjusting the ampli�er input power
through the VROC ratio.

Fig. 1. Self-started VCSEL-based optical frequency comb generator architecture.

3. Parameter extraction and SVOFC simulations

In order to validate the performance of the SVOFC architecture, the closed-loop is simulated
using computer-aided design (CAD) software. Considering that the OFC behavior depends on the
physical characteristics of the VCSEL, the intrinsic parameters extraction is essential to obtain
more reliable results. Both the extraction process and the simulation results are described below.
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3.1. VCSEL parameter extraction

For this work, we use a C-band VCSEL manufactured by the Korean company RayCan. The
active region consists of seven pairs of InAlGaAs quantum wells and a tunnel junction for
reducing absorption losses [37]. To achieve high re�ectivity into the cavity, two distributed
Bragg re�ectors (DBR) are included [38]. The VCSEL is mounted inside a TO-56 package and
its output beam is coupled to a single-mode optical �ber.
The static and dynamic characteristics of directly modulated VCSELs can be obtained using

a temperature-independent single-mode rate equation model composed of three di�erential
equations: carrier density N„t” (electrons or holes), photon density S„t”, and optical phase �„t”.
The rate equations for a single-mode VCSEL are as follow [39]:

dN„t”
dt

=
�iI„t”
qVact

�
�
A + BN„t” + CN2„t”

�
N„t” � �gGS„t” (1)

dS„t”
dt

= ��BN2„t” + ��gGS„t” �
S„t”
�P

(2)

d�„t”
dt

=
�H��ga0

2
„N„t” � Ntr” , (3)

where �i is the internal quantum e�ciency, I the injected current into the cavity, q the electron
charge, Vact the active region volume, �g the group velocity, � the spontaneous emission
coe�cient, � the longitudinal con�nement factor, �P the photon lifetime, �H is the phase-
amplitude coupling factor referred also as Henry Factor, a0 the di�erential gain coe�cient, �
the gain compression factor, Ntr the transparency carrier density, A is the Shockly-Read-Hall
non-radiative recombination coe�cient, B the radiative recombination coe�cient, C the Auger
non-radiative recombination coe�cient,and G the optical gain.

Steady-state analysis of rate equations are used to determine some VCSELs parameters, such
as threshold current and steady-state carrier densities, under constant current injection. For this,
time derivatives are set to zero (d �dt = 0) and di�erent bias current conditions are considered.

The small-signal analysis gives information about VCSEL dynamical behavior under current
modulation. For an operation well above the threshold, the resonance frequency fR can be
expressed as a function of the injected current Ibias as [40]:

fR =
1
2�

s
�i�g�a0

qVact

p
Ibias � Ith, (4)

where � is the longitudinal con�nement factor and Ith the threshold current.
The active region of a laser can be modeled through the equivalent electrical circuit [41] shown

in Fig. 2. This model has been used in previous works for modeling 850-nm VCSELs [42,43]
and long-wavelength VCSELs [34]. The parallel circuit RjCj symbolizes the quantum wells, the
series circuit R0L0 represents the losses and storage of photons in the optical cavity, and H is the
transimpedance of the current-controlled voltage-source equivalent to an optical power. Each
electrical component is expressed in terms of the intrinsic VCSEL parameters after applying
Kirchho�’s law and using the linearized carrier and photon rate equations.

The turn-on delay tD is the delay between the application of a current pulse and the beginning
of the corresponding optical pulse produced by the laser. The TOD measurement procedure
consists of applying an electrical pulse to the VCSEL, with ION and IOFF the high and low-level
current, when it is pre-biased below its threshold current Ith [44]. The TOD is dominated by the
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Fig. 2. Equivalent electrical scheme of the active region [41].

carrier lifetime �N and is expressed as [45]:

tD = �N � ln
�
ION � IOFF

ION � Ith

�
. (5)

The experimental setup used to measure the TOD is described by Bacou et al. in [34]. A
calibration process is required for removing the additional delays produced by the electrical and
optical connections. In order to determine the carrier lifetime, several TOD measurements are
performed to guarantee high precision. Therefore, for each bias current (0<Ibias<Ith), the high
pulse level ION is modi�ed at di�erent values. Figure 3 shows the TOD measurements against
the natural logarithm expressed in Eq. (5). Once a linear polynomial �tting is applied, the carrier
lifetime can be estimated. Furthermore, we can estimate the laser’s transient relaxation frequency
at di�erent bias currents using the same setup. When Ibias = 6 mA, the relaxation frequency is
2.1 GHz.

Fig. 3. Turn-on delay measurements at di�erent Ibias values.

Generally, the measurements of the intrinsic frequency response of laser diodes include the
modulation response of packaging, chip parasitics, and measurement setup elements. In the case
of our packaged VCSEL, the main contributions are the TO-56 can leads and the wire bondings.
The VCSEL bandwidth is acquired by measuring the parameter S21 for bias currents from 2

to 7 mA. Figure 4(a) shows the S21 parameter measurements after extracting the photodetector
frequency response and normalizing the data to the magnitude at low frequencies. There is a
3-dB bandwidth improvement of 2 GHz (from 2.7 to 4.7 GHz) when the current ranges from 2 to
7 mA.

In all cases, the frequency response presents a bump after reaching the resonance frequency
that decreases with a slope greater than -60 dB/dec. This phenomenon is produced by the driver
circuits, connections, and packaging employed during the measurements. Despite the frequency
response degradation, the resonance frequency fR for each current is certainly identi�able.



Research Article Vol. 28, No. 23 / 9 November 2020 / Optics Express 34865

Fig. 4. a. S21 measurement at di�erent Ibias. b. Squared resonance frequency versus square
root of Ibias � Ith.

Figure 4(b) represents the fR evolution versus the square root of the di�erence between Ibias and
Ith (see Eq. (4)). The di�erential gain coe�cient estimation using the �tted data is limited by the
frequency resonance reduction caused by active region heating at bias currents higher than 5 mA.

Additional VCSEL parameters are estimated by the extraction procedure described in [34] and
the simulation of the equivalent circuit model of the optical cavity (including the DBR re�ectors).
The VCSEL frequency response is simulated in Advanced Design System (ADS) using the

electrical parameters of the active region and an electrical access model. Figure 5(a) depicts
the measured and simulated frequency responses when the bias current is 2, 4, and 6 mA. In all
cases, the electric model shows a good agreement with the measurements.

Fig. 5. a. Measured and simulated VCSEL frequency response at di�erent bias currents. b.
Photon lifetime evolution as a function of bias current.

Once VCSEL cavity parameters have been established, the photon density, gain compression
factor, transparency carrier density, and photon lifetime are obtained. Due to the absorption
losses variations produced by the electron-hole injection at di�erent bias currents [46], the photon
lifetime varies as shown in Fig. 5(b). The estimated photon lifetime for bias currents higher
than 2 mA is �P = 18.47 ps. In [31] the authors found �P = 19 ps for the same pigtailed RayCan
VCSEL, whereas for an LW-VCSEL manufactured by Vertilas the reported lifetime is 14 ps [17].

The intrinsic parameters extracted for a C-band VCSEL are summarized in Table 1.

3.2. SVOFC simulations

The C-band SVOFC is simulated in VPIphotonics Design SuiteTM using the schematic shown in
Fig. 6. The C-band VCSEL is modeled by a single-mode rate equation-based VCSEL model
con�gured according to the intrinsic parameters listed in Table 1. This VCSEL model includes a
temperature-dependent pump current o�set to describe the self-heating dynamics inside the laser
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Table 1. C-band VCSEL intrinsic parameters extracted

Symbol Parameter Value Units Source

Ith Threshold current 0.90 mA Measured

�N Carrier lifetime 1.06 ns Measured

�i Internal quantum e�ciency 0.90 Assumed

Nth Threshold carrier density 3.82 � 1018 cm�3 Measured

A Non-radiative recombination coe�cient 2.10 � 107 s�1 [47]

B Radiative recombination coe�cient 0.90 � 10�10 cm3s�1 [47]

C Auger recombination coe�cient 3.96 � 10�29 cm6s�1 Measured

�g Group velocity 7.50 � 109 cms�1 [48]

� Longitudinal con�nement factor 0.032 [48]

a0 Di�erential gain coe�cient 2.85 � 10�16 cm2 Measured

� Gain compression factor 1.57 � 10�17 cm3 Measured

Ntr Transparency carrier density 2.95 � 1018 cm�3 Measured

�P Photon lifetime 18.47 ps Measured

�H Linewidth enhancement factor 3.06 Measured

cavity associated with the thermal leakage current, e.g., thermally dependent threshold current
and thermal frequency shift. Additionally, the laser frequency chirp is included into the model
through a complex gain function and the linewidth enhancement factor (�H or Henry’s factor).
This function relates the change of the material refractive index caused by carrier density and
material gain �uctuations. The optical �ber consists of an optical delay and a transmission mode
Fabry-Perot (FP) �lter responsible for the free spectral range. The non-linear e�ects of the optical
�ber are neglected. The photodetection process is performed with a PIN type photodetector,
which includes thermal and shot noise. The ampli�cation stage is divided into two: a �rst low
noise ampli�er (LNA) responsible for establishing the white noise level and the second ampli�er
of higher gain for establishing the power level required to guarantee the GS condition. Finally, the
�lter is modeled with a fourth-order Bessel �lter centered at the desired fundamental frequency.

Fig. 6. VPI schematic for simulating the C-band SVOFC.

For all simulation cases, the C-band VCSEL is biased at the same current Ibias = 6 mA. Two
fundamental frequencies f0 are selected: f0 = 1.25 GHz and f0 = 2.5 GHz. The impact of the
optical delay line length on the generated signals is adjusted through the FSR of the FP �lter and
the optical delay time �o. For L = 1 km, the simulated FSR is 200 kHz and �o = 5 �s, and for
L = 2 km, the simulated values are FSR = 100 kHz and �o = 10 �s. The simulation boundary
conditions are set to aperiodic because the laser module generates several blocks (sampled signal)
for each simulation run. The aperiodic condition guarantees update of visualizers for each data
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block. To achieve the GS regime when FSR = 200 kHz, it is necessary to compensate for the
additional optical losses caused by the FP �lter. These losses are induced by the change of the
passband width (directly related to FSR) and the temporal analysis of the optical signal using a
windowed �nite impulse response �lter (FIR) for aperiodic conditions. Consequently, the total
electrical gain for FSR = 200 kHz is 3 dB higher than for FSR = 100 kHz.
The resulting optical frequency combs for f0 = 1.25 GHz are shown in Fig. 7. In both cases,

the spectrum is asymmetrical around the primary tone with the highest optical power due to the
e�ect of negative frequency chirp. The distance between the secondary tones corresponds well to
the fundamental frequency. The spectral width at 30 dB from the primary tone is 21.2 GHz and
23.5 GHz for FSR = 200 and FSR = 100 kHz, respectively. Considering the spectral asymmetry
and the decreasing power of the secondary tones, the �atness of the two optical frequency combs
is low (0.58 on average). Figure 7 insets show the e�ect of the resonant cavity on the modulated
optical signal. In each case, a frequency sub-comb is observed with a distance between tones
equal to the FSR value. This recognition can only be performed in a simulation environment
because there are no commercially available optical spectrum analyzers with a small resolution.

Fig. 7. Simulated optical spectra of the C-band SVOFC at 1.25 GHz using FSR = 200 kHz
and FSR = 100 kHz.

When f0 = 2.5 GHz and FSR = 100 kHz, the generated OFC shown in Fig. 8 remains
asymmetrical but it is wider (63 GHz at 30 dB) and �atter (0.8) than the case of 1.25-GHz
SVOFC. Consequently, and as demonstrated in [35], wider and �atter OFCs are obtained at
modulation frequencies closer to the VCSEL resonance frequency (fR = 3.2 GHz when Ibias = 6
mA).

Fig. 8. Optical spectrum of the simulated C-band SVOFC at 2.5 GHz.
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Finally, the fundamental frequency of the 1.25-GHz SVOFC is analyzed using its spectrum
(Fig. 9(a)) and phase noise (Fig. 9(b)) for both FSR values. The electrical spectra consist of a
power oscillation mode dominant over non-oscillating modes spaced according to the selected
FSR. The power levels are -8.7 dBm and -5.2 dBm for FSR = 200 and FSR = 100 kHz,
respectively. As expected, the phase noise at 10 kHz from the carrier is improved by 13 dB when
the FSR passes from 200 kHz (-116 dBc/Hz) to 100 kHz (-129 dBc/Hz). Figure 9(b) shows
that the white noise processes are at the same level due to the white noise contributed by the
microwave ampli�ers. The phase noise close-to-the-carrier can be determined more accurately
by increasing the sample rate and the time window of the simulation.

Fig. 9. a. Electrical spectra and b. simulated SSB phase noise of the C-band SVOFC at
1.25 GHz.

4. SVOFC experimental validation

4.1. OFC characterization

The SVOFC is implemented according to the architecture depicted in Fig. 1. VCSEL temperature
was not directly controlled but all experimental implementations and measurements were
performed in a temperature-controlled clean room at 23 �C. The optical coupler (F-CPL Newport)
allows for very precise adjustment of the coupling ratio from 0 to 100%. The resonant cavity
consists of di�erent single-mode SMF-28e+ optical �ber lengths. A photodetector with 17 GHz
bandwidth and 0.94 A/W responsitivity is used. The microwave ampli�er has a 38-dB �at gain
and a wide band from 0.5 to 18 GHz. Considering the VCSEL bandwidth and the resonance
frequency, two cavity �lters tuned at 1.25 GHz and 2.5 GHz are included. Given the polarization
properties of the VCSEL under the GS regime, two orthogonally polarized OFCs are produced
for each implementation [16,17]. However, the OFCs discussed in this section result from the
combination of the two polarized OFCs and are characterized with a high resolution (10 MHz)
Brillouin optical spectrum analyzer (Aragon Photonics BOSA 400). The spectral quality of the
fundamental frequency is measured by an electrical spectrum analyzer ESA (R&S FSW50).
The OFC generated by the C-band SVOFC at 1.25 GHz using a �xed �ber length (L = 1

km) and di�erent bias conditions is presented in Fig. 10. As well as the simulation (Fig. 7), the
experimental spectra have an asymmetric envelope with a marked decrease at higher wavelengths
(right side) and suppressed tones. This spectrum asymmetry is induced by the frequency chirp of
the large-signal modulation (amplitude-phase coupling of the laser). Measured spectra include
fewer tones than the simulation because the dynamic range of the optical spectrum analyzer used
(about 80 dB) is lower than the one used during the simulation. Tone suppression is induced
by the e�ect of the frequency modulation (FM) produced either by the e�ect of carrier density
modulation or by temperature variations [49]. The VCSEL module in VPI does not consider the
FM modulation e�ect, and consequently, the simulated spectra do not include mode suppression.
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Fig. 10. Optical spectra of the C-band SVOFC at 1.25 GHz and di�erent Ibias currents.

The optical spectra width measured at 30 dB from the highest power is 42 GHz (� 0.33 nm)
for all the implementations. This spectral width is constant since the electrical power used to
modulate the VCSEL varies slightly. For lower electrical powers, adjusted through a variable
electrical attenuator, the spectral width of the frequency comb decreases, whereas for higher
powers, the width is enlarged until it reaches the maximum. Although a wider optical frequency
comb may be desired, high electrical powers can lead the SVOFC into a frequency doubling
status [50], deteriorating system performance in the optical and electrical domains.
The frequency combs are characterized according to their �atness at 20 dB, and the 10 dB

and 20 dB spectral width (�f10 and �f20). Table 2 summarizes the results of the C-band SVOFC
where L = 1 km. The OFC �atness deteriorates from 0.75 to 0.42 as an e�ect of the increasing
electrical power inside the loop caused by the bias current augmentation from 5 mA to 8 mA. This
deterioration is attributed to the �vanishing� of secondary tones in the middle of the comb pro�le.
The �f10 and �f20 do not vary representatively because the tones at the edges are conserved.
Even if 0.75 �atness is achieved, the SVOFC performance at 1.25 GHz is limited by the e�ect of
the negative frequency chirp.

Table 2. Summary C-band SVOFC at 1.25 GHz and L = 1 km.

Ibias (mA) # tones at 10 dB # tones at 20 dB Flatness �f10 (GHz) �f20 (GHz)

5 21 28 0.75 27.47 36.22

6 21 29 0.72 28.82 37.55

7 13 30 0.43 26.30 36.19

8 13 31 0.42 26.23 38.78

Figure 11 shows the OFC when the band-pass �lter is centered at 2.5 GHz, the bias current is
�xed at 6 mA, and the optical �ber length is modi�ed. Although the comb envelope remains
asymmetrical, the mid-tones are not suppressed. The spectral width is 50 GHz measured at
30 dB from the peak power for all �ber lengths. This value is constant because the electrical
modulation conditions are guaranteed to be the same. The non-suppression and the modulation
conditions result in a �atter pro�le in comparison to the pro�le obtained for the C-band SVOFC
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at 1.25 GHz. Table 3 condenses the performance of the OFCs generated. The �atness in all
four cases is higher than 0.84, exceeding the performance of the C-band SVOFC at 1.25 GHz
(Table 2). The highest di�erence between the �f10 spectral widths is 2.5 GHz, whereas for �f20 it
is 5 GHz. This means that the highest variation is given by the occurrence of two supplementary
tones where L = 1 km and L = 3 km. Additionally, the carrier-to-noise (CNR) measured in a 10
dB span is higher than 25 dB in all cases, whereas for the 1.25-GHz SVOFC, several tones do not
exceed a CNR of 15 dB (see Fig. 10).

Fig. 11. Optical spectra of the C-band SVOFC at 2.5 GHz and di�erent �ber lengths.

Table 3. Summary C-band SVOFC at 2.5 GHz.

Fiber length (km) # tones at 10 dB # tones at 20 dB Flatness �f10 (GHz) �f20 (GHz)

1 17 20 0.85 40.18 47.60

2 16 18 0.89 37.60 42.57

3 17 20 0.85 40.12 47.61

5 16 19 0.84 37.63 45.12

The SVOFC performance at 2.5 GHz is remarkably close to that achieved by a gain-switched
VCSEL using only a DC current source and a signal generator [16]. In this case, the VCSEL
is modulated at 5 GHz, and 24 and 27 tones are generated at 10 dB and 20 dB, respectively.
Therefore, the �atness is 0.89 and corresponds to the SVOFC �atness where L = 2 km. Similarly,
in [9], the authors use a discrete mode laser (DML) gain-switched at 5 GHz to obtain a �atness of
0.87 when 13 and 15 tones are generated at 10 and 20 dB o�set, respectively. In both cases, the
�f10 and �f20 spectral widths are higher than those generated by the SVOFC due to the higher
modulating frequency and the physical di�erences of the lasers.

4.2. Microwave signal characterization

Aswas demonstrated through the SVOFC simulation, the generated microwave signal is composed
of the main mode at frequency f0 and several equally spaced non-oscillating modes. The side
mode suppression ratio (SMSR) measured between the main mode and the immediately adjacent
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non-oscillating mode for all the implementations presented in this document is higher than 50
dB. The spectral purity of the extracted electrical signal at 1.25 GHz is determined by measuring
the phase noise. In order to verify the impact of optical �ber dispersion, the SVOFC is also
implemented using an O-band VCSEL and two optical �ber lengths. Figure 12 shows the phase
noise of the C-band and O-band SVOFC for L = 1 km and L = 5 km. In the case of L = 1 km
(Fig. 12(a)), the curves overlap over most of the observed frequency range, and the phase noise at
10 kHz from the carrier is -115 dBc/Hz. This curve superposition shows that the optical �ber
dispersion (zero in O-band) does not impact the SVOFC phase noise behavior. The four slopes
illustrated in Fig. 12(a) correspond to four noise processes produced by additive and multiplicative
noise contributed by the system components. From right to left, the white phase noise is the �rst
process and is governed by the white noise of the microwave ampli�er (if the other noise source
contributions are lower, such as the VCSEL RIN at the oscillation frequency). In this same region,
the non-oscillating modes are equally spaced at 186 kHz and are produced by the Fabry-PØrot
e�ect of the optical �ber. With a -20 dB/dec slope, the white frequency noise process is caused
by the Leeson e�ect on the white noise of the microwave ampli�er. The phase noise curve is
followed by a noise process with a slope of -25 dBc/Hz, caused by multiplicative noises (e.g., the
VCSEL frequency noise and the VCSEL RIN at low frequencies) and the Rayleigh scattering
contribution. The last process is the Flicker frequency noise and results from the Leeson e�ect
on the ampli�er �icker noise at frequencies below its corner frequency fc.

Fig. 12. Phase noise curves of the fundamental frequency at 1.25 GHz for a. L = 1 km, b.
L = 5 km.

In the case of L = 5 km, Fig. 12(b), the phase noise is improved by about 12 dB as an e�ect of
the quality factor Q of the resonant cavity. Thus, the phase noise at 10 kHz from the carrier is
-126 dBc/Hz and -127 dBc/Hz for the C-band SVOFC and O-band SVOFC, respectively. The
non-oscillating modes are closer than in the previous case due to the FSR reduction to 79 kHz
(increased optical delay), resulting in higher RMS phase jitter. The same four noise processes are
identi�ed in the curves. Nevertheless, between 2 and 4 kHz, there is a pronounced transition
generated by the higher Rayleigh scattering e�ect in long optical �bers.

5. Conclusions

We have presented and experimentally demonstrated the �rst closed-loop system for optical
frequency comb generation using a modulated VCSEL in gain-switching condition. In order
to simulate the SVOFC system, we applied an intrinsic parameter extraction process based on
the steady-state and small-signal analysis of the VCSEL rate equations. The process included
dynamic measurements and electrical model simulations of the electrical access and VCSEL
cavity.
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ThroughC-band SVOFC simulation and implementation, we demonstrated that the performance
of the optical frequency comb generated with the SVOFC is related to the bias current, the
modulating electrical power, and the repetition frequency. For frequencies far from the VCSEL
resonance frequency fR, the OFC envelope is less �at owing to the tone suppression during the
�rst 10 dB span (8 suppressed tones). In contrast, for closer frequencies, the spectral width
of the envelope is constant and its pro�le is �atter. It is worth pointing out the importance of
controlling the electrical conditions inside the loop to guarantee better performance. Hence,
when the polarization current increases, the modulating electrical power must increase to deplete
the carriers and enhance the photon absorption in the cavity. A wider comb is obtained by
increasing the electrical loop power. After reaching the broadest spectral width, non-linear e�ects
appear, such as the frequency doubling operation. These e�ects must be minimized to avoid
deterioration of the electrical SVOFC performance.

The �atness of the OFC generated with our system is close to the one achieved by other authors
applying the GS technique to VCSEL and DML lasers. The huge advantage of our SVOFC
generator is the ability to adjust the OFC shape by modifying the modulating electrical power
through the variable electrical attenuator, the variable ratio optical coupler, and the bias current.
The fundamental frequency f0 can be modi�ed by including an adjustable bandpass �lter in the
loop, according to the laser frequency response and the ampli�er gain and bandwidth. Given
the characteristics of our system, the �lter can cover the frequency range from 1 GHz to 5 GHz.
A higher fundamental frequency than the one presented in this work can be achieved by using
commercially available C-band on-chip VCSELs with bandwidths above 10 GHz in order to
eliminate the electrical access constraint and produce tones at higher frequencies.
A temperature control can be applied to the VCSEL in order to reduce the thermal e�ects

inside the optical cavity, such as wavelength deviation. Additionally, a detailed analysis of two
orthogonally polarized OFCs must be carried out to determine the electrical conditions that allow
a wider combined OFC.

Through some technical modi�cations, the SVOFC architecture can be applied to the generation
of low-noise microwave harmonics at frequencies higher than 10 GHz. Some results on this
matter are in the process of publication. Similarly, the width and spacing of OFC tones can
be improved and used in sensing applications with �ber Bragg grating sensors, and the optical
pulses generated through the GS regime at higher repetition rates can be exploited for optical
data pulse shaping.

We also showed that the phase noise far-from-the-carrier of the electrical signal generated at f0
depends strongly on the optical �ber length and the white noise contributed by the microwave
ampli�er. Thus, if the electrical conditions of the loop are guaranteed, the phase noise remains
constant.
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