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Abstract The paper explores the possibilities to extend the direct modulation
bandwidth in dual-longitudinal-mode distributed feedback lasers by exploiting the
photon-photon resonance induced by the interaction of the two modes in the laser
cavity. The effects on the direct amplitude modulation and on the direct modula-
tion of the difference frequency between the two modes are analyzed using simula-
tion and experimental results. When the photon-photon resonance, which occurs
at the difference frequency between the two modes, is properly placed at a higher
frequency than the carrier-photon resonance, the small-signal amplitude modula-
tion (AM) bandwidth of the laser can be significantly increased. However, both
simulations and experiments point out that a high small-signal AM bandwidth
does not lead to a high large-signal AM bandwidth if the small-signal modulation
response has significant variations across the modulation bandwidth. The paper
shows that a high large-signal AM bandwidth is obtained when the two modes are
significantly unbalanced, whereas a high-bandwidth difference frequency modula-
tion can be best detected when the two modes are balanced and the DC bias is
properly chosen.

Keywords distributed feedback lasers · dual-mode lasers · surface gratings ·
nanoimprint lithography · photon-photon resonance · amplitude modulation ·
difference frequency modulation

1 Introduction

Despite the substantial efforts undertaken to increase the direct modulation band-
width of lasers, no significant breakthrough has been made when the direct mod-
ulation bandwidth has been linked to the carrier-photon resonance (CPR) fre-
quency, largely because the CPR has inherent physical limitations. A higher CPR
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frequency is obtained by reducing carrier and photon lifetimes but shortening these
lifetimes too much ultimately prevents lasing.

However, since the direct modulation bandwidth can be extended considerably
by introducing a supplementary high-frequency resonance of the laser, we have
analyzed the effects of a high-frequency photon-photon resonance (PPR) on the
laser modulation characteristics. The PPR has been obtained by the interaction
of two longitudinal modes in dual-mode multi-section distributed feedback (DFB)
lasers. The paper analyzes the dynamic behavior of the dual-longitudinal-mode
DFB (DLM-DFB) lasers and the effects of mode interaction and photon-photon
resonance strength and spectral position on the direct amplitude modulation and
on the direct modulation of the difference frequency between the two modes.

The paper is structured as follows: In section 2 the theory behind PPR is
introduced alongside descriptions of the simulation methods used. In section 3
both the simulation and measurement results are presented and discussed. Section
4 summarizes the most important findings and draws some conclusions.

2 Photon-Photon Resonance

Several different device variants have been investigated to exploit the PPR effect
(Montrosset and Bardella, 2014). One example is a passive feedback DFB, which
has extremely narrow operation domains where the dual-mode emission is stable
enough to generate a PPR and the corresponding mode-beating signal (Radziunas
et al, 2007). However, the authors show that by suppressing the CPR and PPR
resonances the direct modulation bandwidth can be increased. Another method
is to use a monolithic injection locking (Sung et al, 2003). The authors record a
modulation bandwidth increase when the master and slave sections of the laser
are locked to each other. Yet another method to generate dual-mode emission that
has also been studied is a two-section DFB with independent drive currents and
the same or slightly different Bragg frequencies in the two section (Wake, 1996).
However, this type of laser has not been studied for PPR effects and increased
modulation bandwidth.

Our method for generating the PPR is to use a multi-section monolithic DFB
laser that exhibits dual-mode emission over a wide operation regime (Dumitrescu
et al, 2016). The dual-mode emission is achieved by having π/2 phase-shifts period-
ically placed along the grating. When two or more periodically-placed phase-shifts
are used, the grating reflectivity exhibits two maxima separated by approximately
2×λBragg/M , where M is the number of grating periods between phase-shifts.
When the two reflectivity maxima are placed at wavelengths around the peak gain
wavelength the structure supports two modes placed next to the inner edges of the
two reflectivity ’stopbands’. Therefore, the spectral spacing of the emitted modes
can be roughly controlled by the number M of the grating periods between two
phase-shifts and by the grating coupling coefficient and total grating length (which
influence the width of the reflectivity ’stopbands’). Besides being structurally con-
trolled, the mode spacing can be adjusted by the bias applied to the laser sections
since carrier-density-induced refractive index changes shift the spectral positions
of the reflectivity stopbands.

The exact dual-mode behavior also depends on several other factors besides the
grating reflectivity, such as carrier and photon distributions and cavity dynamics,
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which influence spatial (Otsuka et al, 1992) and spectral hole burning (Adams
et al, 1983), and gain competition between the modes (Adams and Osihski, 1982;
Lamb Jr, 1964).

2.1 Improved Rate Equation Model

When two (quasi-)phase-locked modes coexist in the laser cavity the optical con-
finement factor is dynamically dependent on the longitudinal position. A modified
rate-equation model has been developed to take the PPR into account by treating
the longitudinal confinement factor as a dynamic variable (Laakso and Dumitrescu,
2011):

d

dt

[
dN
dNp

]
=

[
−γNN −γNP
γPN −γPP

] [
dN
dNp

]
+

[
ηi
qV dI

(Npvgg +R′sp)dΓ

]
, (1)

where γNN , γNP , γPN and γPP are rate coefficients, as defined in (Coldren
and Corzine, 1995). The modified rate equation model has a supplementary term
(Np×vg×g + R′sp)dΓ , resulted from the (space and) time variation of the dual-
mode confinement factor. The amplitude modulation transfer function, including
the influence of the extra term, is:

H(ω) =
ηi
qV

T∫
0

γPN

∆ dt

T
+

1

I1 · T
·
T∫

0

(γNN + jω) · (Npvgg +R′sp)

∆ · ejωt · dΓ
dt
dt, (2)

where T is the time interval for which the phase difference between the two domi-
nant longitudinal modes is maintained. The first term in Eq. (2) resembles the tra-
ditional modulation transfer function, with γPN and ∆ taken as time-dependent,
while the second term results from considering the (space and) time dependence
of the confinement factor. This second term introduces the supplementary PPR
peak placed at a frequency equal with the frequency difference between the two
dominant longitudinal modes. The model indicates that a primary condition for
achieving the PPR is to have the dominant modes phase-locked for long enough
(i.e. quasi-phase-locked). Therefore, besides the large frequency difference between
modes, the main reason for not achieving significant PPR peaks in the amplitude
modulation response of conventional multimode lasers is that they do not provide
a mechanism to maintain the phase difference between modes for long enough. It
should however be noted that the difficulty in extending the direct laser modula-
tion bandwidth by exploiting the PPR is not so much related to placing the PPR
at high frequencies as it is related to achieving a flat modulation response between
the CPR and the PPR.

2.2 Travelling-Wave Model

The dynamic behavior of the laser has been simulated with a finite-difference
traveling-wave based method (Bardella and Montrosset, 2005). The total electric
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field in the cavity is expressed as

E(z, t) =
(
E+(z, t)e−jπz/Λ + E−(z, t)ejπz/Λ

)
ej2πtc/λB , (3)

where E± are the spatially-dependent slowly-varying forward and backward prop-
agating field envelopes, normalized so that the photon density S is |E+|2 + |E−|2,
Λ is the grating pitch and λB is the grating Bragg wavelength.

The equations for the propagating fields are coupled to the carrier rate equa-
tion, resulting a system of non linear differential equations, which are then dis-
cretized in time and space and integrated using the split-step algorithm (Kim et al,
2000): (

1

vg

∂

∂t
± ∂

∂z

)
E±(z, t) = δE±(z, t) + jκE∓(z, t) + Ssp, (4)

∂

∂t
N(z, t) =

ηiI

qV
− N(z, t)

τ
− vg

Γxyg(z, t)

1 + εS(z, t)
S(z, t), (5)

with δ = Γxyg(z, t) − αl − jπ
(

2
λB
neff(z, t)− 1

Λ

)
, αi material losses, κ grating

coupling coefficient and Ssp spontaneous emission term. A linear dependence of the
material gain g and of the refractive index neff on the carrier density is assumed.

This model is particularly suitable for the considered problem since the nonlin-
ear interactions between the cavity modes (such as the ones generating the PPR)
are automatically included in the calculation of E±.

3 Results

Multi-section 1.3 and 1.55µm DFB lasers with 3rd order laterally-coupled ridge-
waveguide (LC-RWG) surface gratings (Laakso et al, 2008) have been fabricated,
without regrowth and using cost-effective UV nanoimprint lithography, from InP-
substrate legacy epiwafers (with epilayer structures designed for Fabry-Pérot lasers).
Two quasi-phase-locked longitudinal modes with frequency differences ranging
from 14GHz to 1.3THz have been obtained by adjusting the longitudinal struc-
tures of the lasers (mainly by changing the number of periods between phase-
shifts). Fig. 1a and 1b show measured and simulated dual-longitudinal-mode emis-
sion spectra with mode frequency differences of 47GHz and 1THz, respectively.
The simulations were done with the commercial PICS3D package from Crosslight
Software Inc. The red-shift of the measured spectra with respect to the simula-
tions from Fig. 1 is due to a higher temperature in the measurements than in the
simulations. This might be due to more heat generated by a lossy current injection
and/or by inferior heat sinking in the measured devices.

3.1 Amplitude modulation

Because the amplitude modulation (AM) responses of the dual-mode lasers with
big frequency differences between the two quasi-phase-locked modes are hampered
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Fig. 1 Simulated (dotted line) and measured (solid line) dual-mode emission spectra with
quasi-phase-locked longitudinal modes having a) 47GHz and b) 1.0THz frequency spacing

by the large and deep dips between the CPR and the PPR, we have targeted
mainly PPR frequencies below and around 20GHz.

In order to evaluate the effects of PPR on the laser AM, two types of DFB lasers
have been fabricated from the same legacy epiwafer (with the epilayer structure
intended for the fabrication of Fabry-Pérot lasers at 1.55 µm) and in the same
fabrication run (with similar LC-RWG grating structures). The difference between
the two types of DFB lasers was only related to their longitudinal structures:
one type had a single λ/4 phase-shift in the middle of the cavity and a single
longitudinal mode emission, whereas the second type had two λ/4 phase-shifts
placed in order to obtain quasi-phase-locked dual-longitudinal-mode emission and
a corresponding PPR at 14GHz.
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Fig. 2 Measured and simulated small-signal AM responses for two types of DFB lasers fab-
ricated from the same epiwafer in the same fabrication run but with different longitudinal
structures. The DFB laser with one λ/4 phase-shift emits a single-longitudinal mode, whereas
the DFB laser with two λ/4 phase-shifts emits two quasi-phase-locked modes and exhibits a
PPR peak at 14GHz in the small-signal AM response. The attained small-signal AM band-
width increase, shown with the arrow, is more than 5GHz
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Fig. 2 shows measured and simulated direct AM responses for both types of
lasers, with and without PPR, illustrating the increase in small-signal AM band-
width obtained by exploiting the PPR. The AM simulation for the laser with PPR
was fitted to the measurement by assuming a side-mode-suppression-ratio (SMSR)
of 23 dB between the two quasi-phase-locked modes. The sharper PPR peak in the
simulation is due to the fact that noise and averaging are left out in the model.

Taking into account that the flatness of the small-signal AM response is impor-
tant in extending the small-signal AM bandwidth, we have studied the possibility
to adjust the PPR position and the flatness of the AM response between the CPR
and PPR by adjusting the bias currents of the laser sections. Fig. 3a illustrates the
measured changes in the PPR and CPR frequencies with changing the bias in one
sections of a 1.6mm long multi-section dual-longitudinal-mode DFB (DLM-DFB)
laser emitting at 1.55µm. Because throughout the whole bias variation range the
two longitudinal modes are in relatively good balance, the PPR peak dominates
CPR and a flat AM response cannot be achieved. Fig. 3b shows the measured tun-
ing of the PPR frequency and the CPR changes induced by adjusting one of the
bias currents for a 1.5mm long multi-section DLM-DFB laser emitting at 1.3 µm.
Here the CPR-PPR gap is filled when the PPR is brought closer to the CPR.
Also the AM response is flatter between the CPR and PPR because the balance
between the two longitudinal modes is reduced. The CPR peak changes in Fig. 3a
and Fig. 3b because the carrier and photon distributions within the cavity also
undergo changes when one of the laser bias currents is adjusted.
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Fig. 3 Measured small-signal AM response for a) 1.6mm long multi-section DLM-DFB laser
emitting at 1.55 µm and for b) 1.5mm long multi-section DLM-DFB laser emitting at 1.3 µm.
The current of the section farthest from the lasing facet is increased for modulation responses
progressing from black solid lines to dashed lines to dotted lines and to gray solid lines

Since the −3 dB small-signal AM bandwidth may not be indicative of the large-
signal modulation capability, particularly in case of a small-signal AM response
with substantial variations across the bandwidth, we have also analyzed the small-
signal AM response and the corresponding large-signal modulation capability us-
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ing a Finite-Difference Travelling-Wave program (Bardella and Montrosset, 2012).
Fig. 4a shows the small-signal AM response simulated for three different phases of
the cleaved-facet reflection in a multi-section DLM-DFB laser. A similar effect can
be obtained by changing the bias current in the DLM-DFB laser section farthest
from the lasing facet, like in the experiments illustrated in Fig. 3.

Large-signal eye diagrams were calculated for the three small-signal AM cases
of Fig. 4a, using a non-return-to-zero pseudorandom bit sequence signal at different
modulation bit rates. The cases were chosen to compare the situation when the
PPR peak is small, under the −3 dB level and with minimal influence on the small-
signal AM bandwidth (case 1, solid line in Fig. 4a); the situation when the PPR
peak is moderate and the AM response is extended in a relatively flat way (case 2,
dashed line in Fig. 4a); and the situation when the PPR peak is very pronounced
(case 3, dotted line in Fig. 4a).
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Fig. 4 a) Simulated small-signal AM response for different phases of the cleaved facet reflection
in a multi-section DLM-DFB laser with high-frequency PPR. Case 1: solid line, cleaved facet
reflection phase φA = 40◦. Case 2: dashed line, φA = 80◦. Case 3: dotted line, φA = 140◦. b)
40Gbit/s eye diagram simulated for case 1, with an extinction ratio (ER) = 6 dB. c) 60Gbit/s
eye diagram simulated for case 2, with ER = 4.5 dB. d) 40Gbit/s eye diagram simulated for
case 3

An eye diagram with a reasonably good extinction ratio (ER = 4.5 dB) could
be obtained, beyond the −3dB small-signal AM bandwidth, at 60Gbit/s for case 2.
The simulation for case 3 shows that a strong PPR peak is dramatically reducing
the eye opening at 40Gbit/s, although a good large-signal AM response should
be achieved at this rate for a flat small-signal AM response. This result gives the
indication that a strong presence of the second mode (i.e a good balance between
the two dominant longitudinal modes and a strong PPR) does not bring an increase
in the large-signal AM bandwidth.

Interestingly, a good 40Gbit/s large-signal AM response, beyond the −3dB
small-signal AM bandwidth, could be obtained in the case 1, when the PPR peak
is well below the −3 dB level and does not influence significantly the small-signal
AM bandwidth. This result is consistent with the rate-equation simulations illus-
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trated in Fig. 2, indicating that the two dominant longitudinal modes should be
significantly unbalanced in order to increase the AM bandwidth.

3.2 Difference frequency modulation

Albeit it hampers the extension of the AM bandwidth, a well balanced dual-
longitudinal-mode emission could be exploited in frequency-modulated (FM) data
transmission schemes by imprinting the signal in the difference frequency between
the two dominant longitudinal modes. The tunability of the difference frequency
is a prerequisite for difference frequency modulation (DFM). As indicated by the
bias-induced frequency shifts of the PPR shown in Fig. 3, the inter-mode difference
frequency of the DLM-DFB lasers is tunable over a wide range simply by tuning
the bias currents of the laser sections.

Some measurements illustrating the inter-mode difference frequency change
with the bias applied to one of the DLM-DFB laser sections are presented in Fig. 5.
Only after a large increase in the injected current density the side modes become
comparable with the two dominant longitudinal modes (as shown in Fig. 5a) but
even then the difference frequency signal can be detected due to the quasi-phase-
locking of the two longitudinal modes promoted by the grating structure.
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Fig. 5 a) Dual-longitudinal-mode spectrum variation when the current density J1 is increased
by 653mA/cm2 in the DLM-DFB laser section next to the output facet. b) Difference frequency
variation (in GHz) between the two dominant longitudinal modes, measured with an ESA from
the photodetected mode-beating signal, as a function of the current densities in the first two
DLM-DFB laser sections

The bias map given in Fig. 5b shows that the change in the difference frequency
is smooth and continuous with changing the bias currents in two different sections
of the DLM-DFB laser. The stationary difference frequencies in the bias map
have been obtained from the photodetected mode-beating signal recorded with an
electric spectrum analyzer (ESA). This was done since the frequency resolution
achieved with the ESA is at Hertz-level, whereas the available optical spectrum
analyzer (OSA) provided only 2GHz frequency resolution.

The dynamic behavior of the multi-section DLM-DFB lasers was studied in
order to evaluate the possibility to exploit the difference frequency modulation
in high-speed applications. In a first instance the bias of the first section of the
DLM-DFB lasers was modulated with a sinusoidal signal of varying frequencies.
The laser output was photodetected with a high bandwidth photodiode (PD)
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and the photodetected signal was amplified and down-shifted in frequency by
mixing it with the signal from a microwave local oscillator (LO) in order to enable
the measurement of the generated signal with a high bandwidth oscilloscope. A
windowed fast Fourier transform (FFT) with a Gaussian window function (i.e.
a Gabor transform) was applied to the time-domain difference frequency signal
collected by the oscilloscope.

Fig. 6 shows spectrograms obtained by displaying the time-sequence of the
window Fourier transforms for four different sinusoidal laser-bias modulation fre-
quencies fmod : 10MHz, 100MHz, 500MHz and 1GHz. The beat signal spectrum
variation according to the difference frequency change induced by the sinusoidal
modulating signal is clearly visible. Due to the limited oscilloscope bandwidth
and sampling frequency (20GHz, 50 GS/s), the frequency resolution of the spec-
trograms suffers when the modulation frequency increases since fewer spectral
samples can be collected when more time-domain signal variations are recorded
per unit time.
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Fig. 6 Spectrograms showing the Gabor transforms of the mode-beat signals obtained from
photodetecting the output of the directly modulated DLM-DFB laser. The frequency resolution
suffers at higher modulation frequencies because there are less samples in the Fourier transform
window due to the limited sampling rate of the oscilloscope

The sidebands of the frequency-modulated mode-beating signal spectra shown
in Fig. 7 prove that the inter-mode difference frequency can be modulated by
sinusoidal signals with frequencies up to 3GHz. The modulation signal delivery
to the DLM-DFB laser is critical at higher frequencies since impedance matching
becomes important and the modulation signal strength has to be increased if an
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Fig. 7 Spectra of the photodetected mode-beat signal when the bias of one of the DLM-DFB
laser sections is sinusoidally modulated at 500MHz, 1GHz and 3GHz. The distance between
the FM side bands and the carrier is the same as the sinusoidal modulation frequency

impedance-matched delivery circuit is not employed. In the DFM spectra presented
in Fig. 7 the modulation signal is increased by 7 dB when the sinusoidal modulation
frequency increases from 500 MHz to 1 GHz, and by another 12 dB when the
sinusoidal modulation frequency is increased again from 1 GHz to 3 GHz. In fact we
have detected sidebands in the DFM spectra up to 10 GHz sinusoidal modulation
frequencies but they were close to the noise floor due to the poor delivery of the
modulation signal to the laser.

Unfortunately, detecting the instantaneous difference frequency change induced
by large-signal modulation is difficult. In order to prove that the large-signal
difference-frequency modulation can be recovered from the photodetected mode-
beating signal we have performed the signal recovery in post-processing. The post-
processing procedure is summarized in Fig. 8. First, the photodetected mode-
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Fig. 8 Illustration of the post-processing procedure for difference frequency demodulation:
a) Hilbert transforms of the signal recorded after photodetection and mixing, showing the
envelope (AM) and the instantaneous frequency (FM); b) FFT of the signal with and without
IIR filtering; c) Hilbert transform of the IIR filtered signal; d) The measurement setup employed
for collecting the signals for post-processing (ISO: Optical isolator, PD: Photodiode, Amp: RF
amplifier, LO: Local Oscillator)
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beating signal is frequency down-shifted by mixing with a local oscillator and the
resulted FM signal is recorded with a high-speed oscilloscope (shown in Fig. 8a af-
ter the application of a Hilbert transform). Then the recorded time-domain signal
is transferred to the frequency domain with FFT, and the center frequency of the
resulting FM comb is saved. In order to reduce the noise in the signal, a band pass
Chebyshev type II infinite impulse response (IIR) filter was used (because it has
a relatively good slope at the pass band edges and it doesn’t have ripples in the
pass band) (Fig. 8b). The filtered time-domain signal is then Hilbert transformed
in order to get the amplitude variation of the difference frequency signal as well
as its instantaneous frequency (Boashash, 1992) (Fig. 8c).

The signals extracted by post-processing can be used to generate eye diagrams,
like the ones presented in Fig. 9. It should be noted that, due to the frequency
down-shifting by mixing with the local oscillator, the extracted difference fre-
quency is flipped in frequency (i.e. large difference frequencies are extracted as
small mode-beat signal frequencies and vice-versa).
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Fig. 9 Eye diagrams of the post-process-extracted difference frequency signal resulted from
directly modulating the first section of the laser with a 1GHz (a-b) and with a 3GHz (c-d)
signal. a) and c) give the extracted amplitude modulation, whereas b) and d) give the difference
frequency modulation

The comparison of the extracted AM and FM eye diagrams indicate that a
parasitic AM accompanies the DFM, somehow similarly as a parasitic FM (i.e.
chirp) accompanies the amplitude modulation of single-mode lasers.

The large-signal modulation results have been simulated in steady-state fre-
quency domain with a transfer matrix method (TMM) program. In this approach
the effect of the bias modulation has been modeled as carrier-density-induced
refractive index changes. The transfer matrix model only considers the steady-
state optical properties of the laser, and other effects, particularly dynamic effects,
are omitted. The TMM-calculated bias-induced steady-state difference frequency
changes corresponding to the post-process-extracted 1 GHz eye diagrams are given
in Fig. 10. The difference frequencies obtained by the post-processing of the mea-
sured signal and the TMM-simulated difference frequencies differ in their absolute
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values for multiple reasons: because the measured values have been down-shifted in
frequency, because the coupling coefficients might be different between simulation
and measurement, and because the simulation doesn’t take into account electrical
and dynamic effects.

Despite its limited accuracy, the TMM results indicate that the main cause for
the 1 GHz eye diagram asymmetry is the DC point where the bias modulation is
applied. The TMM simulations of the large-signal modulation at 3 GHz (shown
in Fig. 11) indicate that the superior eye diagram symmetry and the large eye
diagram opening resulted from post-processing and shown in Fig. 9d are mainly
induced by a better DC bias point.
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Fig. 11 TMM simulation of the 3 GHz difference frequency eye diagram of Fig. 9d obtained
by post-processing
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4 Conclusions

The presented simulation and experimental results show that quasi-phase-locked
dual-longitudinal-mode emission and the associated photon-photon resonance can
be exploited for increasing the direct amplitude modulation (AM) bandwidth be-
yond the limitations set by the carrier-photon resonance. The extension of the AM
bandwidth is obtained when the photon-photon resonance frequency is placed rel-
atively close to the carrier-photon resonance frequency and one of the two grating-
favored longitudinal modes is significantly weaker than the other one.

The presented simulation and experimental results also show that direct modu-
lation of the difference frequency between the dominant modes of dual-longitudinal-
mode (DLM) DFB lasers can be exploited for high-bandwidth frequency-modulation
(FM) data transfer. The difference frequency modulation (DFM) analysis leads to
several conclusions: i) significant continuous difference frequency changes can be
obtained by changing the bias in one of the DLM-DFB laser sections; ii) a good
dual-longitudinal-mode balance favors difference frequency detection; iii) the dif-
ference frequency can be modulated with very high rates; iv) the DC bias point
at which the modulation is applied has a significant influence on the possibility to
transmit and extract accurately the signal imprinted in the difference frequency.
Overall, the dual-longitudinal-mode difference frequency experiments and simula-
tions indicate that the DFM can be effectively employed in high-bandwidth FM
optical transmission if practical real-time demodulation schemes are developed.
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