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Abstract: A novel scheme for the expansion and phase correlation of a wavelength tunable
gain-switched optical frequency comb (OFC) is presented. This method entails firstly
combining two gain-switched OFCs and expanding them using a phase modulator.
Subsequently, the phase correlation between all the comb lines is induced through four-wave
mixing (FWM) in a semiconductor optical amplifier (SOA). In this article, the generation of
42 highly correlated comb lines separated by 6.25 GHz, with an optical carrier to noise ratio
(OCNR) of more than 50 dB, is experimentally demonstrated. In addition, the wavelength
tunability of the scheme, over 30 nm within the C band, is shown. Finally, the degree of phase
correlation between comb lines is verified through RF beat tone linewidth measurements. The
results show a five orders of magnitude reduction in the beat tone linewidth, due to FWM in
an SOA.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The unrelenting growth of data traffic is putting a huge strain on existing optical networks. It
is expected that by 2021 the internet traffic usage will reach the zettabyte (10%) range per
year [1]. To cope with this growing capacity demand, optical networks would need to employ
spectrally efficient schemes such as coherent optical orthogonal frequency division
multiplexing (CO-OFDM) [2] or Nyquist WDM [3]. The current industrial solution of
employing an array of lasers, to support the above-mentioned modulation techniques, would
not be optimum as the wavelength of an individual laser cannot be precisely controlled. As a
result, spectral guard-bands are required between channels to avoid cross-channel
interference, which results in a reduced spectral efficiency. A potential alternative is to use an
OFC - a source that generates multiple discrete, equally spaced wavelengths from a single
device, thus capable of replacing an array of lasers. The advantage of such a solution is the
fixed frequency separation between the individual comb lines, which alleviates the need for
the spectral guard bands. Hence, the application of OFCs can bring significant improvements
in the system spectral efficiency. Also, the fixed frequency separation between the comb lines
can mitigate Kerr-based non-linear effects that occur in fibre-optic communication systems,
thereby enchancing the transmission reach [4].

There are several semiconductor-based OFC generation methods, each having different
pros and cons. They include mode-locked lasers (MLLs) [5], which can produce ultra-
broadband combs. However, MLLs suffer from a complicated fabrication process, fixed free
spectral range (FSR) (dictated by the cavity length) and exhibit relatively large optical
linewidths (tens of MHz) in the passive mode locking regime [6]. Another well-established
OFC generation technique involves the use of electro-optic modulators (EOMSs) [7]. This
solution offers a tunable FSR but suffers from bias drift and high insertion losses. Microring
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resonator based OFC generation also produces a broadband comb but with the downside of
strong fluctuations in amplitude and phase noise [8]. Another OFC generation technique
entails the use of externally injected gain-switched lasers (EI-GSL) [9]. The attractiveness of
this method stems from its simplicity (uses direct modulation), cost effectiveness and
flexibility. EI-GSL OFCs feature a tunable FSR, low linewidth (transferred from the master
laser), high phase coherence between all OFC lines as well as central wavelength tunability
[10]. In addition, these OFCs are suitable for photonic integration [11], bringing additional
benefits in terms of cost and footprint reduction. Nevertheless, the main shortcoming of the
EI-GSL, arising from the limited intrinsic modulation bandwidth of a laser, is the restricted
number of generated comb lines. In the past, several techniques to increase the number of
comb lines generated by an EI-GSL, such as the use of a modulator [12], highly nonlinear
fibre (HNLF) and dispersion compensating fibre (DCF) [9], have been reported. However,
these approaches resulted in limited comb expansion, added complexity and instability, and
are not suited for photonic integration. More recently, other expansion methods based on dual
mode injection locking [13] or cascaded Fabry Perot (FP) lasers [14] have also been studied.
Nevertheless, these techniques suffered from a poor OCNR and a limited comb expansion.

In this paper, a novel method of generating a broadband and wavelength tunable OFC is
experimentally demonstrated. The technique is based on the expansion and phase correlation
of the combined output of two independent EI-GSL based OFCs [9] (with 13 and 14 lines
with FSRs of 6.25 GHz; FSR chosen for its compatibility with the ITU-T G.694.1 grid
recommendation [15]). Results achieved demonstrate an expanded OFC consisting of 42
tones (within a 3 dB range from the spectral peak) and an OCNR of more than 50 dB.
Excellent phase correlation of the lines within the expanded comb is verified by measuring a
24 Hz RF beat tone linewidth. Furthermore, the wavelength tunability of the comb over 30
nm across the C band (1529 nm-1562 nm) is presented. Since the expanded OFC is based on
an EI-GSL, it features all the benefits of the technique, including FSR tunability, which
makes it a very attractive solution for multiple applications such as long-haul networks,
sensing, mm and THz wave generation, and arbitrary waveform generation. Its practical
feasibility is further enhanced by the fact that the presented configuration can be photonically
integrated as well as easily scaled by adding more parallel EI-GSL stages.

2. Principle of comb expansion and phase correlation
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Fig. 1. (a) Block diagram of the proposed comb expansion and phase correlation technique; (b)
illustration of the spectral output at each stage: (i) individual OFCs, (ii) PM output, (iii) SOA
output.
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The working principle of the proposed comb expansion and phase correlation technique is
shown in Fig. 1(a). It comprises three stages: i) comb generation, ii) expansion and iii) phase
correlation. The illustrative spectra of the comb at each stage are shown in Fig. 1(b). First, the
OFCs are generated using the EI-GSL technique, operated in a master-slave (MS)
configuration. Multiple parallel MS configurations combined together would result in an
increase in the number of comb lines in the final output. In the second stage, the combined
OFCs are expanded using a phase modulator to further enhance the number of comb tones.
Each expanded comb portrays the phase noise properties of its master laser used for external
injection [16]. Consequently, lines from different combs are not correlated in phase since
injected from different master lasers. To remedy this, both combs are sent to the third stage of
the set-up: phase-correlation. Here, we use an SOA operating in deep saturation to exploit its
FWM-induced carrier density modulation (CDM) property. The FWM between the individual
OFCs introduces a phase correlation between all the comb lines.

The fundamental aspects of the FWM effect in an SOA have been detailed in [17-20].
There are five non-linear effects responsible for FWM: carrier density modulation (CDM),
carrier heating, spectral hole burning, two-photon absorption and the Kerr effect. However,
CDM is the most significant FWM effect for FSRs below 100 GHz [19]. Hence, this paper
focuses on the CDM effect as the OFC FSR is chosen to be 6.25 GHz.
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Fig. 2. Principle of phase transfer through FWM in an SOA. Here, ¢1, 92, @3 are the phases of
three comb lines, respectively and f;¢ denotes the FSR of the comb. The dotted lines represent
newly FWM generated spectral components.

The phase transfer phenomena, due to FWM in an SOA, is illustrated in Fig. 2. The
electric field propagating through an SOA can be presented by:

E(Z,t) — Ae(w.t*kisz. oy (1)
where A is the magnitude, o, is the angular frequency, k; is the wave vector along a given

direction u,, ¢, is the phase noise of the i comb line and u is the orientation of the electric
field. The contribution of the CDM to the i comb line is given by [19]:

M
é‘iCdm = _%(1— ja)Gi Z[ANmEi—m +ANmEi+m] (2)

m=1
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where « is the linewidth enhancement factor, G, is the linear gain, AN, is the m™ order
carrier modulation and E; represents electric field of i comb line. Due to the CDM, the SOA

carrier population N, fluctuates around the average carrier density N . AN, is given by [21]:

g Ek El:—m
N1\ k=m+l P
AN, =~(N,—N)—T = 3
1+t —jmf,z,

S

where N, is the average carrier number, P, is the saturation power, P, is the total power
confined in the SOA waveguide, z, is the carrier spontaneous life time. For example, the

CDM contributing to comb lines 1 and 3 are given below (for clarity we limit our analysis to
3 comb lines).
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From Eqg. (4), the first term in the expression of 5" appears at ,. This expression is
characterised by the phase of comb line 1 (¢,). It corresponds to an energy transfer from
comb line 2 to comb line 1. This is represented by a blue arrow in Fig. 2. The second term of
5,"" also appears at o, =20,-w,, but with the phase equal to 2¢,(t)—g(t),

corresponding to the red arrow in Fig. 2 [21]. Similarly, the first term of &;" appears at o,,
with the phase of comb line 3 (p,) . The second term of 5;"" appears at o, = 20, —o,, With
the phase equal to 2¢, (t)—g, (t).

Therefore, the CDM contributes to the transfer of phase from comb line 2 and comb line 3
to comb line 1. The phase noise of comb line 1 is affected by these phase transfers, a process
that is similar to mode locking [22].The correlation of the phase between each comb lines are
realised by phase transfer due to CDM. Likewise, ¢, is also affected by the phase transfer of

@, and ¢, Thus, the phase of comb line 1 and comb line 3 become correlated. This
mechanism is extended to all the comb lines that are injected into an SOA. Thus, the last
stage of the proposed set-up produces a single broadband and highly coherent OFC.

3. Experimental setup

The experimental setup of the wavelength tunable gain-switched comb expansion and phase
correlation technique is depicted in Fig. 3. Two OFCs are generated using the EI-GSL
technique [9] with each OFC realised using a Master-Slave configuration. Two 200 um long
Fabry Perot (FP1 and FP2) laser diodes encased in a high-speed butterfly package are used as

slave lasers (SL). The FPs, with threshold currents (l,,) of 8 and 8.5 mA, are biased at 5 x

(Ith) and emit an output power of 7.7 dBm and 8.5 dBm, respectively. Two independent

semiconductor-based tunable (master) lasers (TL1 and TL2) are used to inject light into the
slave lasers via circulators. The power of TL1 is set to 0.5 dBm and TL2 to 1.5 dBm. This
external injection enables the selection of one longitudinal mode of each of the FPs, thereby
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achieving single mode operation at the chosen wavelengths. Polarisation controllers (PC 1
and 2) are used to align the polarisation state of the injected light with the optical waveguides
of the slave lasers. Subsequently, the FPs are gain switched, by applying a 6.25 GHz
electrical sinusoidal signal at a power of 24 dBm. The wavelengths of the TLs, used for the
external injection, are tuned to lie on a 6.25 GHz frequency grid (19 x 6.25 GHz apart). This
ensures that all lines of the two generated OFCs also appear on the same grid. The resulting
OFCs are combined using a 50:50 optical coupler and temperature tuned to result in a partial
overlap between them. It is observed that the overlapping of 3-4 comb lines is necessary for a
strong phase transfer and the optimum spectral flatness of the expanded OFC.
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Fig. 3. Schematic of the experimental setup of the proposed wavelength tunable gain-switched
comb expansion and phase correlation technique. Here, dotted lines and solid lines represent
the RF and optical paths, respectively.

The combined OFCs are passed through a phase modulator (PM) to increase the number
of comb lines. The insertion loss of the modulator is around 2 dB and the V_ ~4 V at 6.25
GHz. The PM is driven by the same sinusoidal signal used for gain-switching. The amplitude
of the signal is 12.5 V, which corresponds to 3.125 x V_. The OFC expansion and flatness

are optimised by aligning the RF drive modulation signal (using a phase shifter) with the gain
switched optical signal (employing an optical delay line). The output signal at the PM, with
an average optical power of 4.5 dBm, is injected into an SOA. The amplifier is biased at 200
mA and has a gain of 14 dB. As the maximum output power of the SOA is 14.5 dBm, the
amplifier operates in deep saturation. The injected comb lines undergo FWM resulting in the
generation of new spectral components at frequencies corresponding to multiples of the FSR.
The interaction of the comb lines through CDM introduces a phase correlation between all the
comb tones. To enhance the FWM efficiency, the state of polarisation at the input of the SOA
is optimised using a polarisation controller (PC3). The SOA output is tapped using a 90:10
coupler, with 90% of the optical signal sent to an RF beat tone linewidth measurement setup
(to verify the phase correlation between comb lines) and 10% recorded by a high resolution
(20 MHz) optical spectrum analyser (OSA).

4. Results and discussion
4.1 Externally injected gain-switched comb generation and expansion

The optical spectra of the free running and injection locked FP1 and FP2 lasers are shown in
Figs. 4(a) and 4(b), respectively. The longitudinal mode spacing of FP1 and 2 are 1.4 nm and
1.7 nm respectively. It can be seen that the external injection enables single mode operation
of the FPs, with a side-mode-suppression ratio (SMSR) > 60 dB. The spectra of the two OFCs
generated by gain switching the externally injected FPs are shown in Fig. 5(a). The EI-GSL



Vol. 27, No. 12 | 10 Jun 2019 | OPTICS EXPRESS 16565

=

Optics EXPRESS NN DN

OFCs consist of 13 and 14 highly coherent lines (within a 3 dB window relative to the
spectral peak) and exhibit an OCNR > 50 dB. The spectra of the combined OFCs, before and
after the expansion using the PM, are shown in Figs. 5(b) and 5(c), respectively. The use of
the PM increases the number of generated lines from 27 to 42, while maintaining the high
OCNR (>50 dB). Inducing phase correlation between the OFCs is achieved by passing the
combined and expanded signal through the SOA. The resultant spectrum, shown in Fig. 5(d),
clearly shows the effect of FWM, resulting in further comb expansion over 262.5 GHz. The

reduced spectral flatness at this juncture could be attributed to the SOA gain response and
FWM efficiency.
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Fig. 4. Optical spectra: (a) free-running FP1 (blue) and FP2 (red), (b) externally injected FP
lasers depicting single mode operation.
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Fig. 5. Optical spectra — (a) EI-GSL OFCs where 2 OFCs are overlaid to show the amount of
the overlap between the combs, (b) combined EI-GSL OFCs, (c) PM output, (d) SOA output.

The pair of comb lines chosen for the RF beat tone measurements are denoted in green and
blue.

It should be noted that the spectral flatness could be enhanced by optimising the entire
chain (PM and SOA) rather than focusing on the output of the PM, as was done in this
experiment. Improved OFC spectral flatness could also be achieved by changing the order of
the devices (SOA followed by the PM). Spectral flatness optimisation techniques have not
been addressed as the focus of this work is on OFC expansion and correlation.

4.2 Phase correlation measurement
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Fig. 6. RF beat tone measurement setup.

The phase correlation between the comb lines is assessed by characterising the RF beat tone
linewidth. The phase correlation measurement setup is depicted in Fig. 6. A pair of comb
lines are filtered using a wavelength selective switch (WSS), amplified by an Erbium doped
fibre amplifier (EDFA) operating in a constant gain (15 dB) and detected by a 50 GHz
photodiode. The linewidth of the resultant RF beat tone is measured with a 40 GHz electrical
spectrum analyser. The beat tone linewidth is determined by the phase noise of the selected
comb lines and the degree of the correlation between them. If there is no correlation between
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the modes, the phase noise of both lines adds up, resulting in a broad RF beat tone. If the
phase noise is correlated, a pure narrow RF signal is generated [23].

At first, the comb lines from individual OFCs are heterodyned on the photodetector, their
phase correlation measured, and results plotted in Fig. 7(a). The beat tone linewidth is
calculated to be 14 Hz, indicating excellent phase correlation. Then, two lines from the
expanded OFC (after the PM), each originating from a different input comb, are chosen
(marked by green lines in Fig. 5(c)). In this case the 3 dB linewidth of the RF beat tone is
measured to be ~1.1 MHz, as shown in Fig. 7(b). This result is a clear indication that the
phase noise of the two OFCs are uncorrelated. Subsequently, by adjusting the bandwidth of
the WSS, a pair of comb lines that are frequency separated between 6.25 GHz and 37.5 GHz,
upper limit set by the ESA bandwidth) and their 3 dB beat tone linewidth measured. The
results are depicted Fig. 7(c) (black squares, kHz scale).
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Fig. 7. Electrical spectra of RF beat tone of (a) OFC1 and OFC2 (input OFCs), (b) PM
expanded OFC (uncorrelated), and (c) 3 dB linewidths of RF beat tones for different frequency
separation: OFC1 (green star), OFC2 (red triangle), SOA output (blue circles) in Hz scale and
PM output (black square) in kHz scale.

To validate the phase correlation due to FWM, the RF beat tone linewidth measurement is
repeated on the output signal of the SOA. For this test we choose comb lines from the wings
of the spectrum (denoted by the dotted rectangle in Fig. 5(d)) that were generated in the SOA.
By doing so, we ensure that the measurement is carried out on lines originating from different
combs. These spectral components arise from the FWM of the two independent OFCs in the
SOA. Verification of the latter was achieved by passing one OFC at a time through the SOA.
The two resultant spectra (blue and red combs) are recorded and shown in Figs. 8(a) and 8(b).
From the figure it can be seen that the afore-mentioned wings are only present if both OFCs
are passing through the SOA. The 3 dB RF beat tone linewidth of the FWM generated lines
(blue tones in Fig. 5(d)) was found to be ~24 Hz, as seen in Fig. 9 (inset, blue trace). In
addition, the beat tones of comb lines, separated by frequencies between 6.25 GHz and 37.5
GHz, are measured and the results plotted in Fig. 7(c) (blue circles). The huge improvement
in the beat tone linewidth, between the input and output of the SOA, (reduction from 1.1 MHz
to 24 Hz, Fig. 9), proves that the FWM induces a phase correlation between all the comb
lines. It can also be seen that the beat tone linewidth of the expanded and correlated comb is
only slightly larger than that of the individual input combs (24 Hz vs. 14 Hz). This might be
attributed to the FWM efficiency.
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Fig. 9. Electrical spectra for RF beat tone of two comb lines: uncorrelated (SOA input, black
trace), correlated (SOA output, blue trace). Inset: zoom in on the RF beat tone of the individual
input OFCs and the expanded + phase correlated OFC at the SOA output.

4.3 Central emission wavelength tunability

The proposed comb expansion and correlation technique also offers wavelength tunability,
across the entire C band. Wavelength tuning can be achieved by injecting light from the
master laser (TL) into different longitudinal modes of each of the gain-switched slave (FP)
lasers, thus generating combs at different wavelengths. To demonstrate it, two additional
wavelength operating points were tested. Figures 10(a) — (c) shows the comb spectra at
different stages of the set-up, when the expanded comb is centred at 1560 nm, while plots
Figs. 10(d) — (f) illustrate the spectra of the comb centred around 1531 nm. Once again, the
increase in the total number of lines, due to the use of PM, is clearly visible: from 29 to 43
lines at 1560 nm and from 19 to 30 lines at 1531 nm. Passing these combs through the SOA
results in a further spectral growth but degrades the overall spectral flatness.
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Fig. 10. Optical spectra demonstrating wavelength tunability of the proposed configuration: (a)
combined EI-GSL OFCs, (b) PM output, (c) SOA expansion at 1560nm; (d) combined EI-GSL
OFCs, (e) PM output and (f) SOA expansion at 1531nm.

5. Conclusion

A novel method of wavelength tunable comb expansion and phase correlation has been
experimentally investigated. The proposed scheme is capable of generating a broadband OFC
consisting of 42 clearly resolved, phase correlated lines with an FSR of 6.25 GHz and with an
OCNR larger than 50 dB. The concept of inducing a phase correlation between all the comb
lines through FWM has been proven by measuring the RF beat tone linewidth. The results
show a five-order magnitude reduction in the beat tone linewidth (1.1 MHz to 24 Hz) and
confirm the high degree of phase correlation achieved. Furthermore, this correlation is
maintained for all measured beat tone frequencies (from 6.25 GHz to 37.5 GHz). The
wavelength tunability of the scheme, by generating the extended OFC at wavelengths
between 1529 — 1562 nm, has also been demonstrated. Finally, the proposed scheme can be
photonically integrated and easily scaled by adding more input OFCs in parallel.

In summary, the proposed comb generator, enabling simple and cost-efficient generation
of tones with precisely controlled channel spacing, narrow linewidth and a high degree of
phase correlation, will be an asset in the realisation of the next generation terabit networks
employing high spectral density modulation formats.
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