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LETTER

Coupled mode analysis of high-speed transverse coupled cavity verticalcavity surface-emitting laser for low frequency chirp operations
Shanting Hu1, 2, a) and Fumio Koyama2

Abstract We demonstrate the modeling and experimental results on the
modulation bandwidth and frequency chirp of the transverse coupled cavity vertical-cavity surface-emitting lasers (TCC-VCSELs). Both a 3-dBmodulation bandwidth enhancement and chirp reduction are shown in the
results. These improvements could be explained by an increase in diﬀerential net gain and photon-photon resonance introduced by strong coupling
in coupled cavities. Our TCC VCSEL could be useful for higher data rates
and longer link lengths of single-mode fiber transmissions.
Keywords: VCSELs, laser coupling, modulators
Classification: Semiconductor Lasers

1.

Introduction

A vertical-cavity surface-emitting laser (VCSEL) is the ideal
optical source for supercomputers, data centers, and access/metro/core networks, in particular for short reach applications [1, 2, 3, 4, 5, 6, 7]. However, the 3 dB bandwidth,
the modulation speed of semiconductor lasers is limited by
relaxation oscillation frequency, parasitic capacitance, thermal eﬀect, and so on. In our lab, we have reported the
bandwidth improvement of transverse-coupled cavity (TCC)
VCSELs [8, 9, 10, 11]. Enhancement of modulation bandwidth from 2 × 1 photonic crystal vertical-cavity surfaceemitting laser arrays is reported based on the same principle [12]. Also, a hexagonal transverse-coupled-cavity
VCSEL was reported for higher modulation speeds recently [13]. The bandwidth enhancement is attracting much
attention for ultra-high speed direct modulations of edge
emitting lasers these days [14, 15]. While the bandwidth of
conventional VCSEL is 9-10 GHz, the 3 dB bandwidth of
a bow-tie-shaped TCC VCSEL is increased by a factor of 3
and theoretically that chirp reduction can also be achieved
due to increased diﬀerential net gain [16]. The model we
used in [9, 10] based on the Lang-Kobayashi equation have
restrictions in the coupling strength. Analysis of the strong
coupling regime of the TCC VCSEL based on a numerical
simulation was also shown in [17].
This paper introduces the modelling and characteriza-

tion of bandwidth enhancement and chirp reduction of TCC
VCSELs based on the coupled mode rate equations. Strong
coupling regime can be simulated in the model. We present
the small signal response including the bandwidth enhancement and chirp reduction dependent on the coupling parameters and the coupling phase tolerance. The bandwidth
enhancement and chirp reduction can be explained by the increased frequency of carrier-photon resonance (CPR) due to
detuned-loading eﬀect [18, 19], and additionally the photonphoton resonance (PPR) at a frequency higher than CPR
due to beating between diﬀerent modes in coupled cavities [20, 21, 22, 23, 24, 25]. We also present a comparison between the Lang-Kobayashi model and coupled mode
model. We obtained similar simulation results from the two
models in low coupling strength regime. Experimental results of the bandwidth enhancement and chirp reduction are
shown at the last part.
2. Structure and modelling
Figure 1 illustrates the schematic structure of our bow-tieshaped TCC VCSEL. Two oxide-aperture-defined cavities
were laterally connected. One of the square oxide apertures
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Fig. 1

Schematic structure of the TCC VCSEL
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is operated as an electrically pumped VCSEL, while the other
functions as a passive feedback cavity without an injection
current. The transverse field traveled from the laser cavity
to the feedback cavity through the joint region. The end interface of the feedback cavity functioned as a perfect mirror
in the lateral direction, which led the lateral optical feedback
into the VCSEL cavity. Strong lateral coupling between the
two cavities is achieved by reducing the reflectivity and the
scattering loss at the conjunction part. The coupling strength
can be adjusted through changing the width of the middle
of the bow. The basic idea for the bandwidth enhancement
is the same as edge emitting lasers with an extended passive
cavity.
Simulation of out TCC VCSEL is performed using the
following coupled mode rate equations [26, 27, 28, 29, 30].
This model can be expressed by electromagnetic fields of
the two coupled cavities interacting with each other through
a parameter k defined as the coupling strength.
(
)
√
1
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dt
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Figure 2 illustrates the relationship between the coupling
phase and resonant frequency diﬀerence. As we can see
from the figure, larger coupling strength oﬀers larger locking range. The coupling strength is defined by the radiated
power per unit time in the lateral direction, which is dependent on the structure of the coupled cavity [32]. At the
coupling strength of 0.8 × 1011 s−1 , beyond the frequency
diﬀerence 110 GHz, there is no solution to the coupling
phase, indicating that the two cavity are no longer locked.
The larger coupling strength of TCC VCSELs enables the
locking range large enough for the modulation bandwidth
enhancement. What’s more, the figure also shows that as
resonant frequency diﬀerence induced by gain diﬀerence
and temperature diﬀerence between two cavities increases,
the coupling phase deviates further from π for out of phase
mode. As we presented in paper [31], a feedback phase deviated from π is needed for large bandwidth enhancement and
chirp reduction. With external cavity not pumped, we can
control the coupling phase through current injection in the
laser cavity due to the resonant frequency diﬀerence brought
by thermal eﬀect. The asymmetric setting of current injection is needed to meet the phase condition for the bandwidth
enhancement.

(3)

(4)

ηI2 N2 (t)
dN2 (t)
=
−
− G2 (t) S2 (t).
(5)
dt
qV2
τs
List of parameters used in the equations with their symbols are shown in Table I. The relative phase diﬀerence
(θ(t)) between the two cavities is governed by the native resonant frequency diﬀerence between two cavities as shown
in Eq.(3) [31], which should be close to π for out-of-phase
mode or 0 for in-phase mode. Only Eq.(1)-(4) are used since
the external cavity is passive. We assume we can reduce the
loss in the external cavity by increasing the detuning between
lasing wavelength and bandgap wavelength of QWs.
Table I

3. Simulation results

Fig. 2 Coupling phase against resonant frequency at diﬀerent coupling
strength.

Parameters and symbols.

Figure 3 (a) shows the intensity modulation response
with a coupling phase of 0.75π and diﬀerent coupling
strengths. Stronger coupling strengths oﬀer larger 3-dBmodulation bandwidths. The 3-dB-modulation bandwidth
can be increased to 30 GHz at a coupling strength of
1.8 × 1011 s−1 where we assumed the bandwidth without coupling to be only 10 GHz. According to the figure, the dent between the first CPR peak and the second PPR peak is deeper
as the coupling strength increases, which limits the bandwidth enhancement brought by strong coupling. Figure 3
(b) shows the phase tolerance for the modulation bandwidth
enhancement. While the bandwidth is suppressed under the
in-phase condition with a feedback phase of around 0, it is
increased under the out-of-phase condition with a coupling
2

IEICE Electronics Express, Vol.18, No.13, 1–5

Fig. 4 Simulation results of frequency chirp as a function of modulation
frequency under diﬀerent coupling strength

Fig. 5 Chirp reduction as a function of modulation frequency with a
coupling strength of 1.8 × 1011 s−1 .
Fig. 3 (a) IM response of conventional VCSEL (blue line) and coupled
cavity VCSEL at the same coupling phase and diﬀerent coupling strength.
(b) Phase tolerance of the modulation bandwidth enhancement

phase of around π. These results agree with our former
work [9, 16]. Also, we can see from the figure that an
optimized phase oﬀers the largest bandwidth enhancement.
With coupling phase below or beyond the optimized phase,
3-dB-modulation bandwidth shrinks.
As we presented in paper [16], chirp reduction should be
observed due to increased diﬀerential net gain. We expect
the same simulation results in the coupled mode equation
model. According to the coupled mode theory [26], the
frequency of the out-of-phase mode can be written as:
√
(ω + ω )
( ω − ω )2
2
1
2
1
ω=
+
+ k2.
(6)
2
2
Using the small signal assumption and Eq. (7), we can
get the chirp of the super-mode expressed by the chirp of
individual modes under the basic assumption that supermode is consisted of individual modes in each cavity.
)
(
(ω2 − ω1 ) (∆ω2 − ∆ω1 )
∆ω2 + ∆ω1
+ √
.
(7)
∆ω =
( ω − ω )2
2
2
1
4
+ k2
2

we can calculate the eﬀective linewidth enhancement factor
by frequency-modulation intensity-modulation (FM-IM) ratio (which also can be called as the chirp-power ratio). The
FM-IM ratio is used to evaluate the chirp reduction [33].
Figure 4 shows the eﬀective linewidth enhancement factor corresponding to the parameters used in Fig. 4. The
linewidth enhancement factor of a conventional VCSEL is
assumed as 4. Also, an adiabatic chirp caused by nonlinear
gain is neglected. Chirp reduction is clearly observed in
the figure. A transient chirp can be reduced with increasing
coupling strengths thanks to increased eﬀective diﬀerential
gain as explained in paper [16]. The eﬀective linewidth
enhancement factor of the coupled cavity VCSEL can be
reduced below 1 at a frequency of below 10 GHz, which is
almost comparable to electro-absorption modulators. Figure 5 shows the phase tolerance of chirp reduction as a
function of modulation frequency with a coupling strength
of 1.8 × 1011 s−1 . While the frequency chirp is increased under the in-phase condition with a feedback phase of around
0, the bandwidth enhancement and chirp reduction can be
obtained under the out-phase condition. The reduction is
the largest at the optimized phase.
Figure 6 shows the comparison of the modulation bandwidth enhancement between the Lang-Kobayashi model we
used before and the coupled mode model at a low coupling

Together with Eq. (7) and coupling mode rate equations,
3
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Fig. 6 Bandwidth enhancement comparison between Lang-Kobayashi
model and coupled mode model.

Fig. 7 Chirp reduction comparison between Lang-Kobayashi model and
coupled mode model.

strength of 0.8 × 1011 s−1 and a coupling phase of 0.75π. We
can see from the figure that at the low coupling regime,
the two models show almost the same 3-dB-modulation
bandwidth. This result is reasonable since at low coupling
strength, the increased diﬀerential gain is the main reason
to increase the bandwidth. In the coupled mode model, the
second peak due to PPR eﬀect merges with the first peak
at the low coupling strength, leading to a higher peak of
the orange line (coupled mode model) than the green line
(Lang-Kobayashi model). Figure 7 shows the comparison
of the chirp reduction between the Lang-Kobayashi model
and the coupled mode model. Similar simulation result is
shown in the figure.
4.

Experiment results

The small-signal responses of the directly modulated TCC
VCSEL at diﬀerent biases are shown in Fig. 8. A comparison between devices with and without feedback is shown
in the figure. Without the optical feedback, a conventional
VCSEL shows a maximum modulation bandwidth around
12 GHz. For the TCC-VCSEL fabricated on the same wafer,
improvement of the 3-dB-modulation bandwidth up to 23
GHz is achieved at 4.7mA current pump (blue line), which
is almost twice that of the conventional VCSEL. The band-

Fig. 8

Intensity modulation responses of VCSELs

Fig. 9 Measured lasing spectra of conventional VCSEL and TCC VCSEL
under 12.5 Gbps modulations

width is also dependent on the injection current, which is
because that the coupling phase and coupling strength vary
by injection current change as stated in the modelling above.
The coupling strength is estimated from the coupled power
in a passive feedback cavity and the feedback cavity length,
which is 1.66 × 1011 s−1 . At a bias current of 4.7mA, the
calculated 3-dB-modulation bandwidth is around 25 GHz,
which is close to the experiment shown in Fig. 8.
Large signal modulation and the corresponding spectrum
is also measured for the conventional and TCC VCSEL respectively. As shown in Fig. 9, the net linewidth broadening
is obtained by the extraction of the resolution defined by the
CW spectrum (0.044nm). Under the same modulation speed
(12.5Gbps), the linewidth broadening due to modulation of
the conventional VCSEL (0.038nm) is almost twice that of
the TCC VCSEL (0.064nm). The chirp of the TCC VCSEL
is reduced by a factor of 2, which is in agreement with the
simulation result.
5. Conclusion
We presented the coupled mode modeling and experimental
results on the modulation bandwidth and frequency chirp
of TCC VCSELs. The result shows that a TCC VCSEL
can oﬀer both bandwidth enhancement and low chirp by
adjusting coupling parameters. We also compare between
4
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the Lang-Kobayashi model and the coupled mode model
in the low coupling regime. Both of the two models is
in agreement with each other for a low coupling regime.
Our TCC VCSEL is expected to be useful and energy costeﬀective for high-speed fiber transmissions in data center
and supercomputer networks.
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