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Abstract: We both experimentally and numerically studied the ultra-
compact wavelength conversion by using the four-wave mixing (FWM)
process in Raman distributed-feedback (R-DFB) fiber lasers. The R-DFB
fiber laser is formed in a 30 cm-long commercially available Ge/Si standard
optical fiber. The internal generated R-DFB signal acts as the pump wave
for the FWM process and is in the normal dispersion range of the fiber.
Utilizing a tunable laser source as a probe wave, FWM frequency
conversion up to ~40 THz has been demonstrated with conversion
efficiency > -40 dB. The principle of such a wide bandwidth and high
conversion efficiency in such a short R-DFB cavity has been theoretically
analyzed. The simulation results match well with the experimental data.
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1. Introduction

Wavelength conversion based on the FWM technique has attracted significant attention in the
area of nonlinear optics for more than two decades. FWM has been realized in several
nonlinear media, such as semiconductor travelling-wave amplifier (TWA) [1], semiconductor
optical amplifiers (SOA) [2], semiconductor DFB lasers [3-5], silicon wire waveguides [6, 7],
and optical fibers [8, 9]. Amongst these nonlinear media, optical fibers are uniquely
advantageous in the sense that they offer low propagation loss, long interaction lengths and
are naturally compatible to the optical transmission systems. Also, the FWM wavelength
conversion technique possesses a number of advantages, including (i) identical features
between the converted signal and its original, (ii) continuous tuning range, (iii) modulation
format independent operation and (iv) the possibility for simultaneous conversion of multiple
signals. Indeed, all-fiber broadband wavelength converters based on the FWM technique are
in high demand in high-speed and dense wavelength division multiplexing (DWDM) fiber-
optic transmission systems.

The conversion efficiency of FWM in optical fibers strongly depends on the phase-
matching between the signals, which is typically determined by the chromatic dispersion of
the fiber [10]. Typically, a long length of a dispersion tailored fiber or dispersion shifted fiber
(DSF) is used as the mixer for FWM and a strong wave at or near the zero dispersion
wavelength (ZDW) is injected as the pump wave. In 1992, partially degenerate FWM
(PDFWM) was demonstrated in a 10-km-long DSF, in which the wavelength conversion
range was 7.6 nm (wavelength difference between the idler and the probe) with a conversion
efficiency of -24 dB [8]. However, it was found that the FWM conversion bandwidth in
optical fibers is mainly limited by (i) the dispersion variation along the fiber length, (2) the
birefringence of the optical fiber and the phase-mismatch between the interactive waves [9].
Evidently, these effects could be minimized by means of using shorter optical fibers [9, 10]
or tailoring of the dispersion profile of the optical fibers [11], so that the FWM wavelength



conversion range could be expanded. The former results have shown an extension of the
wavelength conversion range from ~4 nm with 24.5 km long highly nonlinear DSF to ~91 nm
with 100 m instead. Moreover, a 3 dB wavelength conversion bandwidth of ~100 nm has been
reported in a 20 m long silica-based highly nonlinear photonic-crystal fiber (PCF) [12] and a
bandwidth of ~60 nm with ~0 dB PDFWM conversion efficiency has been demonstrated in a
2.2 m long lead silicate PCF [13]. In addition to the PDFWM discussed above, non-
degenerate FWM or Bragg scattering FWM with a wavelength conversion range of ~180 nm
has been realized in optical fibers as well [14]. In that particular scheme, two pump waves are
launched into the optical fiber simultaneously [14]. Overall, such fiber-based FWMs have the
drawbacks of (i) requiring a pump source at or near the ZDW of the employed fiber, which
restricts the selection of the available pump sources for FWM generation, and (ii) a narrow
wavelength conversion range due to the long length of optical fiber typically needed. Hence, a
more compact and more flexible method to achieve wide range wavelength conversion by
using FWM in optical fibers is highly desirable.

Recently, ultra-compact FWM in a 30 cm-long R-DFB fiber laser was demonstrated [15].
Here, the generated R-DFB signal acts as the pump for the FWM and the DFB cavity
significantly enhances the wavelength conversion efficiency. In this paper, we both
experimentally and theoretically study the continuously tunable FWM with extended
broadband wavelength conversion range in the R-DFB fiber laser [16]. Section 2 and 3
describe the experimental setup and results. Section 4 presents the simulation model. In
section 5, the principle of such highly efficient FWM in the R-DFB fiber laser is theoretically
analyzed.

2. Experimental setup
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Fig. 1 Schematic diagram of experimental setup for FWM generation in a R-DFB fiber laser.
ISO: isolator; PC: polarization controller; WDM: wavelength division multiplexer; TLS:
tunable laser source; YDFA: Yb-doped fiber amplifier; OSA: optical spectrum analyzer.

The schematic diagram of the experimental setup is shown in Fig. 1. It consists of a high
power continuous-wave (CW), linearly polarized pump source at ~1064 nm for the initial R-
DFB fiber laser generation [17] and a linearly polarized TLS (DL pro, Toptica Photonics,
1040 — 1080 nm) as the probe wave for FWM generation in the R-DFB fiber laser. The TLS
was amplified by a polarization maintaining (PM) Yb-doped fiber amplifier (YDFA). The
output of the CW pump @1064 nm and the TLS was connected to an isolator (ISO1 and
ISO2) and a polarization controller (PC1 and PC2) respectively, which was utilized to adjust
their polarization states. The 1064 nm pump and the TLS signals were coupled into the R-
DFB grating via a 3 dB coupler (designed for 1064 nm). A 1064/1117 nm wavelength
division multiplexer (WDM) was inserted between the R-DFB grating and the 3 dB coupler in
order to filter out the backward R-DFB signal. The forward output from the R-DFB grating
was directly coupled into an optical spectrum analyzer (OSA) through a wavelength-
independent free-space attenuator (the dotted-square box in Fig.1). All the fiber ends were
angle-cleaved to prevent end-feedback and the R-DFB grating was mounted on a heat sink to
help control the temperature and better remove any generated heat. Note that all the passive
components as seen in Fig. 1 are non-PM and they were all mounted statically on the optical
bench to reduce the influence of the environmental vibrations.

The R-DFB grating is 30 cm long with a center & phase-shift [18, 19]. It was fabricated
directly into a standard single-mode fiber (SMF) (PS980 from Fibercore Ltd.) with UV light



at 244 nm using our continuous grating writing technique [20]. The coupling coefficient of the
grating is 37 m™ [18]. A length L2 = 1.8 m of the same PS980 fiber was used as the pigtailing
fiber of the R-DFB grating. The NA, propagation loss (o) at 1.1 pm, and nonlinear coefficient
(y @ 1.1 pm) of PS980 are 0.14, 20 dB/km and ~6 (Wkm)™', respectively.

3. Experimental results
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Fig. 2 (a) FWM output spectra with a resolution of 1 nm and (b) normalized overlapping
spectra of the probe wave #2 and corresponding conjugate wave #2* with a resolution of 0.01
nm.

Typical FWM output spectra from the R-DFB grating with continuously tuned probe waves
are shown in Fig. 2(a) measured with a resolution bandwidth (RBW) of 1 nm. As reported in
previous work [19], the pump wave for the FWM process is the internal generated R-DFB
signal (as indicated in Fig. 2(a)) and the conjugate wave (denoted #0*) is converted from its
original wave (#0), which is the CW pump at ~1064 nm for R-DFB signal generation. When
the TLS is continuously tuned from ~1080.4 nm ( #1 in Fig. 2(a)) to ~1040.8 nm ( #5 in Fig.
2(a)), the corresponding idlers at ~1158 nm (#1* in Fig. 2(a)) to ~1207.3 nm (#5* in Fig. 2(a))
appear clearly above the noise floor. The specific spectra of the probe and conjugate waves
have been measured with a high RBW of 0.01 nm and are shown in Fig. 2(b). The spectral
signature of the conjugate wave matches very well with its original wave within the 25 dB
bandwidth, which is limited by the noise floor in the measurement. Note that the noise floor of
traces #2 and #2* is only limited by the sensitivity of the employed OSA. The incident power
of the probe signals is in the range of 10 to 70 mW whilst the incident power of the CW pump
at ~1064 nm is maintained constantly at 2 W = 5%. This pump power is selected due to the
limitation of the maximum power provided by the CW pump source, and also, at this power
level, the maximum FWM conversion efficiency has been achieved, as reported in previous
work of [19].
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Fig. 3 (a) FWM conversion efficiency of the R-DFB fiber laser with respect to the frequency
detuning. The vertical lines indicate the probe waves of #i (i = 0,1,2,3,4,5). (b) FWM
conversion efficiency against incident probe power for probe waves of #1, #2, #3, #4, and #5,
respectively.

Fig. 3 (a) shows the FWM conversion efficiency with respect to the frequency detuning,
which is the frequency separation between the probe and FWM pump, i.e., R-DFB signal. The
vertical lines indicate FWM conversion efficiency measured at the probe waves of #i (i =
0,1,2,3,4,5), as also seen in Fig. 2(a). As seen in Fig. 3 (a), the FWM conversion efficiency
decreases from ~ -25 dB to ~ -37.5 dB while increasing the frequency detuning from ~9.3
THz (corresponding to the probe wave at 1080.4 nm) to ~19.9 THz (corresponding to the
probe wave at 1040.8 nm). This is expected since the phase-mismatch factor increases with
increasing frequency detuning [8, 21]. However, the FWM conversion efficiency remains
nearly constant with varying probe power, as shown in Fig. 3(b). It can be seen clearly that the
FWM conversion efficiency is constant within + 0.7 dB fluctuations. It is therefore concluded
that the reduction of the conversion efficiency in Fig. 3(a) is predominantly due to the
frequency detuning, and not as a result of the power variation of the probe waves.

4. Analysis

In order to better understand the fundamental mechanism for the FWM process in the R-DFB
fiber laser, a numerical model was built. A schematic diagram of the model is shown in Fig. 4.
In the model, the design of the R-DFB grating is based on the experimental realization. As
mentioned previously the R-DFB signal acts as the pump for FWM. It possesses a nonuniform
intensity distribution within the DFB cavity [22-24], as seen in Fig. 4. A CW probe is
launched into the R-DFB grating from the left side of the grating (i.e., z = 0), whilst the
corresponding conjugate wave, as well as the remaining pump and probe are emitted from the
right side of the R-DFB grating (i.e., z=L).

A

% RoFBsignal

>

s

>

‘»

c

15

€

)\ A2
cw Z=0 v Z=L gW. t
i > onjugate
Probe » ‘[HHIHIHIHHIIHHIINHHIHHIHIHIH Wafleg
Have R-DFB grating s Remained
Probe&Pump

Fig. 4 Schematic diagram of theoretical model setup for FWM in R-DFB fiber laser.



For simplicity, several approximations are adopted for the simulation. Firstly, the pump
(i.e. R-DFB signal) is assumed to be undepleted during the FWM process within the R-DFB
grating, since the experimental FWM conversion efficiency is less than 1%. Secondly, the
forward R-DFB signal is assumed to be identical to the backward R-DFB signal, since the
phase-shift of the DFB is placed at the center of the grating. Hence, the amplitudes of the
forward, 4, ,(z), and backward, 4,,(z), R-DFB signals along the DFB grating length of L

are given by Eqgs. (1) and (2) [23], where « is the coupling coefficient of the DFB grating.
Thirdly, single-mode fiber is utilized and all the overlap integrals of the waves are assumed to
be identical to 1/ 4,; , where 4,; is the effective mode area of fiber [21]. Therefore, the

coupled amplitude equations for the FWM process in the R-DFB fiber laser are obtained, as
described by Eqgs. (3) and (4), in which 4;, 4, are the amplitudes of probe and conjugate

waves, respectively, and 4; = JPJ [ Ay, (j=11,10,3,4).

A, (z = L) sinh(xz) z<L/2
4(2) = Ay (z=L)-cosh[x(L —z)] z>1L/2 (1)
4, (z = L)-[sinh(xL/2) + cosh(xL/2)]/2 z=L/2

A, (z =0)-cosh(xz) z<L/2
Ay (z) = Ay (z = 0)-sinh[x(L — z)] z>L/2 (2)
Ay, (z =0)-[sinh(xL. / 2) +cosh(xL/2)]/2 z=L/2

ddy | dz = iys[( 45| +2]4 f|2 2|y 2 Ay A+ A AT a2 3)
ddy 1dz =iy [(Aif + 24, [ + 24, +24F) 4y + 424 ) -y 4,12 )

The first four terms on the right side of Eqs. (3-4) describe the Kerr effect of self-phase
modulation (SPM) and cross-phase modulation (XPM), in which y; =27m, / 4;,(i = 3,4) is the

nonlinear coefficient at the wavelength of probe ( 4;) and conjugate wave (4, ). The last
terms in Eqs. (3-4) represent the linear background losses of the probe wave (o) and
conjugate wave (a, ) in the R-DFB cavity. The remaining terms in Egs. (3-4) represent the
parametric FWM interaction, in which ok is the phase mismatch parameter. The boundary

conditions for the simulations are given in Eq. (5), in which 7, ,(z = L) is the output power of

the R-DFB signal and P;(z =0) is the incident power of the probe wave.

Alf(zzL):Alb(ZZO): Plf(Z:L/Aeﬁ”)
Ay (z=0)=[P(z=0/4,) (5)
Ay (z=0)=0

The coupled amplitude equations (3-4) are numerically solved using a fourth-order explicit
Runge-Kutta method with MATLAB. In the simulation, we use system parameters based on
the experiment, as summarized in Table 1. Note that the background losses of the involved
waves are assumed to be identical as 20 dB/km. Therefore, the FWM conversion efficiency
can be calculated as:

n=P(z=0)/P(z=L) (©



Table 1 Main parameters applied for FWM simulation in the R-DFB fiber laser

Pis(z=L) | P;(z=0) K Agsr n, a
Parameter | 7wy (mW) ) | qmd) | @w) | L™ | @B/km)
Value 60 50 37 35 3.2x107° 30 20

5. Simulation results

Fig. 5(a) shows the evolution of the calculated FWM conversion efficiency with respect to the
phase mismatch factor, 6k, from the 30 cm long R-DFB fiber laser and the same length (30
cm) of bare fiber, respectively. It can be found that the maximum FWM conversion efficiency
is -17.6 dB from the R-DFB fiber laser, whilst it is only -80 dB from the bare fiber.
Obviously, the FWM parametric effect has been significantly enhanced in the R-DFB fiber
cavity. This is mainly because (i) the intensity of the pump (R-DFB signal) has been greatly
enhanced, as shown in Egs. (1-2); and (ii) the dispersion at the pump wavelength (R-DFB
signal) has been modified by the DFB grating structure [25]. The ZDW of PS980 is at around
1.48 um, indicating that the operation wavelengths are within the normal dispersion regime of
the fiber, as seen in Fig. 5(b). However, the grating dispersion reaches very high values within
the narrow pass-band (in the order of kHz) of the DFB grating around the R-DFB wavelength
whilst the grating dispersion is negligible for the waves far outside the pass-band, as shown in
Fig. 5(b). Hence, in this scenario, the phase mismatch factor, ok, is the outcome of the
combination of the fiber dispersion ( ok, ) and the DFB grating dispersion ( dkppg ), 1.€.,
Ok =k + kg, . For example, when the frequency detuning is 13.4 THz, the fiber
dispersion ok, is calculated to be ~146 m' and the FWM conversion efficiency is

demonstrated as -25.6 dB, as seen in Fig. 3(a). For this conversion efficiency, the ok can be
deduced to be 65 m” from Fig. 5(a), indicating by the dashed lines. So, the DFB grating
contributes a negative phase mismatch factor, i.e., dkzp;=-81 m™", on the FWM generation in

the R-DFB cavity.
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Fig. 5 (a) Calculated FWM conversion efficiency in the 30 cm long R-DFB fiber laser and a
similar length of PS980 fiber, respectively; (b) Calculated dispersion profile of the PS980
fiber (inset shows the calculated dispersion of the R-DFB grating).

Considering the dispersions of the fiber and DFB grating together, the FWM conversion
efficiency with respect to the frequency detuning with varied grating dispersion factor, okpp ,
is plotted in Fig. 6(a). For comparison, the experimental data of the FWM conversion
efficiency are plotted in Fig. 6(a) as well. Overall, the experimental data follow a similar trend
to that of the simulated data and match well with the simulation results given ok, varying
within the range of 0 to -120 m™. Furthermore, Fig. 6(b) shows the FWM conversion
efficiency against the probe power from several mW to 5 W given the ok = 65 m™. It is




evident that the FWM conversion efficiency remains constant, which is in good agreement
with the experimental data illustrated in Fig. 3 (b).

Fig. 7 (a) illustrates the FWM conversion efficiency as a function of the coupling
coefficient of the DFB grating with a length of 30 cm. The « value of the experimental
demonstration is indicated by the vertical dashed line. It can be seen that the FWM conversion
efficiency grows and peaks as the K increases up to ~39 m™. This we believe is due to the
shorter effective cavity length of the DFB cavity for a stronger « [17]. On the other hand, for a
constant k, the FWM conversion efficiency is bigger for a smaller phase mismatch factor, Jk,
which can also be seen in Fig. 5(a). In addition, the evolution of the FWM conversion
efficiency with respect to the length of the DFB grating with a constant kL = 11.1 has been
calculated, as shown in Fig. 7(b). Evidently, the peak conversion efficiency can be increased
from -30 dB to -10 dB by increasing the length from 10 cm to 90 cm. However, it should be
noted that the wavelength conversion bandwidth is inversely proportional to the length of the
DFB grating.
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Fig. 7 Calculated FWM conversion efficiency against (a) coupling coefficient of the DFB
grating and (b) length of the DFB grating.

6. Conclusions

We have demonstrated up to 40 THz wavelength conversion in a 30 cm long R-DFB fiber
laser formed in a commercially available Ge/Si optical fiber, PS980. Such a broadband and
highly efficient wavelength conversion is attributed to the significantly enhanced field-
distribution of the R-DFB signal in the DFB grating cavity and the dispersion introduced by
the DFB structure. This has been confirmed by simulations. The simulation results also
indicate that the FWM conversion efficiency could be further increased by reducing the phase
mismatch factor, and/or increasing the coupling coefficient and/or the length of the DFB
grating. By using a shorter DFB grating, e.g. 10 cm, the wavelength conversion bandwidth
could be enlarged at the cost of the conversion efficiency. Above all, the R-DFB fiber laser is
a promising candidate for a compact, flexible and ultra-wide bandwidth wavelength converter.





