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Four-Wave Mixing in Monolithically Integrated
Multiwavelength Lasers Manufactured

in a Generic Technology Platform
Katarzyna Ławniczuk and Daan Lenstra, Senior Member, IEEE

Abstract—Four-wave mixing (FWM) is reported in a multiwave-
length laser chip manufactured in an indium phosphide generic
technology platform. Measured conversion efficiencies are pre-
sented for frequency spacing of 100, 200, and 1700 GHz. The
frequencies correspond to pairs of activated channels modulo
the free spectral range of the on-chip integrated arrayed wave-
guide grating-based laser. Observed FWM trends are similar to
reported efficiencies in traveling-wave amplifiers.

Index Terms—Semiconductor laser, four-wave mixing, generic
integration, InP, multiwavelength laser, photonic integrated
circuit, arrayed waveguide grating.

I. INTRODUCTION

O PTICAL four-wave mixing (FWM) is a phenomenon that
occurs in a nonlinear medium, where different optical

waves with frequencies ωi interact coherently [1], [2]. In the
case with only two initial waves, FWM leads to the creation
of two in frequency symmetrically disposed side waves (see
Fig. 1). This case is referred to as degenerated FWM. In more
complicated system with several wavelength channels, FWM
may cause crosstalk between different channels, which can be
particularly disruptive in the case of dense-wavelength divi-
sion multiplexing, and may degrade its performance. On the
other hand, FWM can be used in optical devices for all-optical
wavelength conversion [3] and demultiplexing [4], in optical
parametric amplifiers or signal-to-noise regenerators [5].

In this paper we present experimental results of FWM ob-
served in recently reported monolithically integrated arrayed
waveguide grating (AWG) based lasers [6]. In this configura-
tion the AWG acts as an intra-cavity filter that selects the laser
wavelengths and enables analysis of FWM in the case of two
laser modes for various mode spacing frequencies, in the present
study 100, 200 and 1700 GHz. The frequency spacing is set by
the AWG channel spacing in combination with its free spec-
tral range (FSR). The gain medium is formed by single-contact
double-waveguide semiconductor optical amplifiers (SOAs) and
one intra-cavity booster optical amplifier, as will be explained
in Section II-A. The observation of the FWM signals was done
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Fig. 1. Side-frequency generation through FWM in the degenerate two-
channel system. The fields at ω1 and ω2 act as probe and pump. The signals at
2ω1 –ω2 and 2ω2 –ω1 are the FWM products.

at the output of the booster amplifier. This amplifier is the non-
linear medium in which two symmetrically disposed, relatively
strong side-peaks were detected. We will present arguments in
favor of the FWM-process taking place in the booster amplifier.

In this paper we present the measurement results and compare
our quantitative findings to the FWM efficiencies for traveling
wave amplifiers (TWAs) given in [7]. We find good agreement
for both frequency up and down conversion in many cases but
in a few cases the results deviate significantly. The observa-
tion of the FWM signal is relatively simple, since the whole
phenomenon takes place on a single chip being a photonic in-
tegrated circuit (PIC). The chip was developed in a generic
foundry model [8] and fabricated on an indium-phosphide (InP)
technology platform of an industrial foundry partner [9]. This
generic foundry model in photonics enables development of
complex PICs for academic research, tailoring integrated chips
to the scientist’s requirements. Moreover the devices are afford-
able in price, even for small numbers of chips. It goes without
saying that an experiment with these devices has an advantage
over building an experimental set-up with discrete components,
since the chips offer lower coupling losses hence higher yields
and enhanced stability. In fact, the generic foundry model is
generally thought to be important for industrial users, to lower
the fabrication and prototyping costs, but it also offers excel-
lent opportunities to investigate novel application domains at
the R&D phase [10], [11].

II. DEVICE DESIGN AND FABRICATION

An AWG-based laser (AWGL) can be realized in many con-
figurations (e.g., ring, linear) [12], [13], while the most common
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Fig. 2. Schematic of a 4-channel AWGL with single-contact double-
waveguide SOAs. Two lasing channels operating in two AWG-passbands can
be activated using a single contact. In this configuration the booster amplifier is
placed inside laser cavity.

Fig. 3. Mask layout of a 500 μm long single-contact double-waveguide SOA.

one is the linear configuration [14], [15]. Wavelength selection
is done by the AWG that acts as an intra-cavity filter and a mul-
tiplexer for the generated wavelengths. The lasing wavelength
depends on the passband location of each channel of the AWG.
The cavity loss is minimal for the specific wavelength corre-
sponding to the particular passband of the AWG, for which the
SOA is activated. Biasing more than one SOA at the same time
results in simultaneous, multi-wavelength operation of the laser
on several AWG-channels. The total optical power can be in-
creased by placing a booster amplifier between the AWG and
the output coupler. The cleaved facets of the chip act as mirrors
that together with the SOAs form a Fabry–Pérot (FP) type laser
cavity.

In this paper we study a linear AWG-laser with single-contact
double-waveguide SOAs, which have two waveguides, corre-
sponding to two AWG-passbands, through a single contact sec-
tion. In this AWG-laser two lasing channels operating in two
AWG-passbands can be activated using only a single contact on
the double-waveguide amplifier. The schematic of such AWGL
is presented in Fig. 2. A mask layout of one single-contact
double-waveguide SOA is shown in Fig. 3.

A. Design of AWGLs

For our experiments we have designed 4-channel and two
8-channel AWGLs with standard SOAs and single-contact
double-waveguide SOAs. The developed lasers are PIC, com-
bining active and passive components on a single chip. Two
types of ridge waveguide structures were used: deeply etched
waveguide structures to form passive components (e.g., AWGs)
and shallowly etched waveguides for active sections (SOAs).
Low-loss deep-shallow passive transition elements were in-
serted between these two waveguide structures. The mask layout
of a cell containing the AWGLs, with indicated SOAs, boosters
and optical outputs is presented in Fig. 4. Both AWGs were de-
signed for a central wavelength λc = 1550 nm, channel spacing
Δωch = 200 GHz (4-channel AWGL) and Δωch = 100 GHz
(8-channel AWGLs). The FSRs of the 4-channel and 8-channel
devices are 800 GHz. The length of all SOAs is 500 μm, with
the exception of the booster amplifier of 8-channel AWGL

Fig. 4. Mask layout of a cell containing 4-channel AWGL, 8-channel AWGL
and a test structure of AWG. The laser cavity is formed between cleaved facets.
The facets remain uncoated. On the mask layout we have indicated optical
outputs and SOAs that we will refer to in this analysis.

Fig. 5. Photograph of fabricated cell with photonic integrated AWGLs. The
devices were manufactured in a MPW run at Oclaro technology platform. The
size of the cell is 4 mm × 2 mm.

Fig. 6. Photograph of fabricated 8-channel AWGL with four single-contact
double waveguide SOAs and a booster of 500 μm.

(presented in Fig. 4), which is 350 μm long. SOA1, SOA2 and
SOA4 are single-contact double waveguide amplifiers. Boosters
and SOA6, SOA7 are standard optical amplifiers. The laser cav-
ity is formed between cleaved facet. The size of the cell is 4 mm
× 2 mm. The sec 8-channel AWGL has four optical amplifiers
and a booster of 500 μm long (see Fig. 6). This AWGL will be
used for an analysis of conversion efficiency at the frequency
spacing of 100 GHz, due to the same length of the booster as in
the case of 4-channel source (see Section IV).

B. Multi-Project Wafer (MPW) Run

The devices were fabricated on an InP-based technology plat-
form that allows for monolithic integration of active and passive
components. The AWG lasers were developed following the
generic integration concept and in cooperation with an indus-
trial foundry partner Oclaro [9], that manufactured the devices
in a MPW run [16]. The photograph of the fabricated cell with
4-channel and 8-channel AWGLs is presented in Fig. 5. In Fig. 6
we show a photograph of 8-channel laser device with four single-
contact double waveguide SOAs.
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Fig. 7. L–I characteristics detected at the common output of the 4-channel
AWGL, while biasing the booster amplifier and SOA2. The kink in the charac-
teristics corresponds to a mode hopping.

III. MEASUREMENTS

The devices were measured at room temperature, while ac-
tively cooling the sources. A lensed fiber was used to couple
the light out from the chip. A high resolution (0.16 pm) Op-
tical Spectrum Analyzer, APEX P2041 A, was used to detect
the spectra. We biased simultaneously the booster amplifier and
one of the SOAs. The spectral characteristics were detected
at the common optical output (at the booster side) and at the
outputs corresponding to the AWG-channels (at the SOA1 and
SOA2 side, see Fig. 4).

A. L–I Characteristics

The L–I curves measured for a 4-channel AWGL while bi-
asing the booster amplifier and SOA2 are shown in Fig. 7. The
threshold current is determined by the booster amplifier and de-
creases while increasing current injected into the booster. The
optical output power of the device is higher than 1 mW. The
kinks in the L–I-characteristics are accompanied by longitudi-
nal mode hopping. Our observation of the spectra for different
bias conditions showed, that the AWGL operates on a single
channel before the first kink. After the first kink, both chan-
nels of AWGL are activated. SOA1 behaves in a similar way.
Therefore the spectral and FWM-measurements were performed
with settings far away from and above the first kinks, to assure
double-channel operation with no mode hopping during the
experiment.

We expect that increase of the temperature will lead to an
increase of the threshold current by 0.6 mA per 1 °C, as demon-
strated in [15] for a similar device, fabricated using the same
technological processes. The increase of the temperature is fol-
lowed by a red-shift of the lasing wavelength, which is under-
stood from the temperature dependence of the material bandgap,
and observed to be 0.16 nm per 1 °C.

B. Spectral Characteristics of 4-Channel AWGL

The optical spectrum of the light measured at the common
output while biasing the booster at 80 mA and SOA2 at 160 mA
is presented in Fig. 8. On top of this spectrum the simulated
AWG-transmission peaks are shown, where different colors
indicate different AWG-channels (modulo the FSR). We

Fig. 8. Optical spectrum measured at the common output of the 4-channel
AWGL. The characteristic shows two lasing modes originated from the SOA2
and the corresponding FWM-products.

Fig. 9. Spectral characteristics measured at the common output and the
Output A of the 4-channel AWGL. The FWM products detected at Output
A are a result of the AWG crosstalk.

observe in Fig. 8 two lasing modes with an optical output power
of 0 dBm corresponding to the two different AWG-channels:
1 and 2. The modes are separated by two FSRs plus one chan-
nel spacing. The lasing modes originate from the single-contact
double waveguide SOA2. The narrow side peaks of –55 and
–42 dBm correspond to AWG-channels: 3 and 4, respectively,
which are connected to SOA1, where the latter remained unbi-
ased during the experiment. This observation indicates a typi-
cal laser operation, identified as an FWM-process, which can
be confirmed by checking the positions of the respective side
peaks in frequency and by verifying their values at 2ω1–ω2
and 2ω2–ω1 . The side peaks (FWM-products) do not neces-
sarily match the observable FP modes, as can be seen in the
inset in Fig. 8. Here, the frequency up-converted side peak is
shown on an enlarged frequency scale, also indicating the back-
ground of FP resonances. It is clearly seen that this side peak
is half way between two FP resonances. Note the asymmetry in
the side peaks, with the down-converted frequency peak being
significantly smaller than the up-converted one, as discussed
in [7].

In order to locate the origin of the FWM-effect, we de-
tected the spectra at the SOA2 output couplers marked as “Out-
put A” (see Fig. 4). The result is shown in Fig. 9, superim-
posed on the common output spectrum of Fig. 8. The observed
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Fig. 10. Optical spectra measured at (a) output 7, (b) output 6 and (c) common
output of the 8-channel AWGL, while biasing the booster with 100 mA, SOA6
and SOA7 with 50 mA. The FWM-products are clearly visible at the common
output, while at the output 6 and 7 only a crosstalk of the FWM-signals is
detected.

FWM products at Output A (2ω1–ω2 and 2ω2–ω1) have lower
optical output power than at the common output. Since the corre-
sponding AWG-channels 3 and 4 are not activated, the detected
FWM-signals at Output A are due to crosstalk in the AWG from
channel 1 to channel 4 (down conversion) and from channel 2
to channel 3 (up conversion). The strength of this crosstalk is
known to be around –20 dB and the signal can be additionally
amplified by SOA2 while propagating to output A. From this we
may conclude that the FWM process takes place in the booster
amplifier of the AWGL and not in SOA2.

C. Spectral Characteristics of 8-Channel AWGL

The use of photonic integrated AWGLs facilitates the analy-
sis of FWM. This is due to the design freedom of the AWG, in
particular the choices of channel spacing and FSR of the grating.
Moreover, by biasing different SOAs we can choose different
separations between probe and pump signals, i.e., different fre-
quency spacing. The 4-channel AWGL enables observation of
FWM with the probe and pump signals spaced more than two
FSRs (1700 GHz) apart. In the case of the 8-channel laser, we
observed FWM for a single channel spacing (around 100 GHz),
as shown in Fig. 10. These spectra were detected at outputs
6 and 7, as well as at the common output at the booster side
(see Fig. 4). At the outputs 6 and 7 we observe the AWG-
crosstalk of channel 7 and channel 6 respectively, with accom-
panying AWG-crosstalk of FWM-signals. Again these measure-
ments confirm the origin of FWM to occur only in the booster
amplifier.

Fig. 11. The FWM-efficiencies in the case of 100 mA booster current and for
100, 200 and 1700 GHz frequency separation collected for up conversion and
down conversion processes. The dashed line indicates the theoretical FWM-
efficiency decay of –20 dB/decade.

IV. ANALYSIS

The FWM-observations can be compared with experimental
and theoretical FWM-efficiencies given in [7] and [17]. Those
analyses account both for carrier modulations (spatial hole burn-
ing), carrier heating and spectral hole burning and applies to
TWAs. However, the observed FWM-process in the booster
amplifier takes place on standing-wave fields and the actual
resulting FWM-intensities also depend on how the resonator
responds to those particular frequencies. In spite of this, we
will compare our FWM-efficiency values to [7]–[17] and find
similar qualitative trends.

For each FWM-peak to be analyzed it is crucial to identify
the corresponding probe and the pump waves. The intensity of
the generated FWM-signal depends linearly on the probe, but
quadratically on the pump intensity. Following [7], we define
the conversion efficiency as:

η (Δω) = IS − IQ − 2IP (1)

where η is the FWM-efficiency (in decibel), Δω = ωS − ωP =
ωP − ωQ is the frequency shift, S refers to signal, P to pump,
Q to probe and the intensities of signal, pump and probe waves
are in decibel. The pump wavelength lies halfway in between
the probe and the signal. Frequency “up” conversion is the case
when ωP < ωS , while “down” conversion the other way around,
ωS < ωP .

The collected data of FWM-efficiency observed under differ-
ent bias conditions for SOAs, but with 100 mA booster current
in all cases for 4-channel and 8-channel AWGLs are shown in
Fig. 11, for both up-conversion and down-conversion. For each
data point the estimated 3 dB measurement error is indicated.
The expected decay of FWM- efficiency by –20 dB/decade is
indicated in Fig. 11 with the dashed line. In the case of 200 GHz
frequency detuning, the FWM-efficiencies lie significantly be-
low this line.

Typically the efficiencies for frequency down conversion
are significantly smaller than for up conversion. This trend
was observed in most of the performed measurements and is



6100206 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 6, NOVEMBER/DECEMBER 2015

Fig. 12. Optical spectrum measured at the common output of the 8-channel
AWGL, while activating the SOA4. The down-converted FWM-product has
higher output power than the up-converted FWM-signal.

generally in agreement with the experimental and numerical val-
ues in [7] and [17] for a TWA. However, in the present case, the
FWM-signals traveling toward the common output are partially
reflected back and travel, coherently added to their directly gen-
erated backward traveling counterparts, into the FP-resonator
via the earlier-mentioned effect of –20 dB crosstalk between
neighboring AWG channels. The resulting FWM-intensities
leaving the common output will therefore also be determined
by roundtrip phase conditions, which depend on the transmis-
sion characteristic of the AWG itself (including the crosstalk
between channels). Moreover, it is known that the location of
the AWG passbands, especially for larger frequencies, may be
slightly different than expected, as the material group index is
a function of wavelength resulting in a change of the channel
spacing. All this may explain the observed deviant behavior
in Fig. 12, where the up-converted FWM signal is substantially
smaller than the down-converted signal. For the same reason one
should be reluctant to link the values in Fig. 11 quantitatively
to reported efficiency values [7]–[17] for TWAs. Trends are re-
produced, but our values for 200 GHz spacing lie significantly
below the –20 dB per decade line.

The measured FWM-efficiency of AWG-lasers is compara-
ble to the FWM-efficiency of a typical SOA. Considering the
application of the device to be a WDM-source rather than a
wavelength converter, the cross-talk introduced by the FWM is
a disruptive effect in such system. To eliminate the FWM, one
can change the bias condition of the booster, shorten the booster
length or reduce the shared waveguide length [18]. Another op-
tion is to implement an AWG with reduced crosstalk between
adjacent channels to avoid crosstalk of FMW signals.

V. SUMMARY

From the academic-research perspective, the generic foundry
model offers excellent opportunities for novel circuit devel-
opment, at lower and affordable manufacturing costs. The
generic approach allows for integration of complex sub-circuits
and multiple photonic components with lower coupling losses
and enhanced stability, tailoring the component properties to
custom requirements. As an example we report FWM in an

AWG-based, monolithically integrated laser with single-contact
double-waveguide SOAs, fabricated at Oclaro in a MPW run,
InP-based generic technology platform. The obtained results
for the measured FWM-efficiencies follow the trends known
in TWAs, but indicate standing-wave effects due to the reso-
nant embedding. The theoretical analysis of FWM involving
standing-wave fields in multiwavelength lasers is a subject for
further investigation.
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