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Theoretical Study of Extinction Ratio and Frequency
Chirping of VCSEL-Based Two-Dimensional

Wavelength Converter
H. Liu, P. Shum, Member, IEEE, and M. S. Kao, Member, IEEE

Abstract—A novel two-dimensional (2-D) vertical-cavity
surface-emission laser (VCSEL)-based wavelength converter was
reported, in which the VCSEL was used both as the laser source
for the probe wave and as the semiconductor amplifier for per-
forming cross-gain modulation. We have developed a complete 2-D
transmission line laser model to analyze the proposed structure.
The optimization of the wavelength location, input power level, as
well as the reflectivity of the VCSEL facet have been done with
respect to the extinction ratio and peak chirp frequency.

Index Terms—Extinction ratio (ER), transmission line laser
modeling, vertical-cavity surface-emitting lasers (VCSELs),
wavelength converters.

I. INTRODUCTION

ALL-OPTICAL wavelength converters are expected to
become key components in future broad-band networks.

Several techniques had been proposed to achieve wavelength
conversion. One simple technique for transferring information
from one wavelength to another is the use of the cross-gain
modulation (XGM) in semiconductor amplifiers (SOAs) [1].
The input signal can be launched either copropagation or
counterpropagation into the SOA. However, shortcomings exist
in these two configurations. For the copropagating injection,
an optical filter is needed to suppress the signal wave. For the
counterpropagating method, though optical filter is avoided,
additional isolator at the probe input is required to suppress the
strongly amplified input signal [2]. The problem of isolation
can be resolved by launching the input signal and the converted
probe wavelength at orthogonal directions. 2-D side-injection
light-controlled bistable laser diodes had been reported by
Nonaka et al. [3]. The results revealed that SOA-based 2-D
devices were quite promising for optical signal processing.

Recently, we proposed a novel 2-D vertical-cavity surface-
emission laser (VCSEL)-based wavelength converter [4]. In this
configuration, the VCSEL acts as the laser source for the probe
wave and as the SOA to perform XGM effect. The probe wave
and the signal wave will propagate along orthogonal directions
with the advantage of simplifying the structure. We develop a
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Fig. 1. VCSEL-based 2-D wavelength converter.

modified transmission line laser model (TLLM) to describe the
VCSEL-based wavelength converter. The dynamic characteris-
tics of the proposed wavelength converter are of interest, and
here we apply the TLLM to further investigate extinction ratio
(ER), frequency chirping, and optical pulse patterns of this de-
vice by taking account of the wavelength region of both signal
wave and probe wave, the input power of the signal wave and
the reflectivity of the facets.

II. 2-D TLLM FOR VCSEL-BASED WAVELENGTH CONVERTER

The VCSEL-based wavelength converter is shown in Fig. 1.
Here, we adopted the VCSEL structure [5] and extended the ac-
tive region at the horizontal direction. In this structure, the ex-
tended active region was used to amplify the input signal wave,
which guarantees a strong XGM effect. By this means, high ER
of the probe wave can be achieved. By employing this structure,
two main advantages will be provided. First, additional devices
such as optical filter or optical isolator are not required anymore.
Second, additional laser source for the probe wave can be saved
because the VCSEL works as a laser source as well as an am-
plifier.

To analyze the characteristics of the proposed structure, a 2-D
TLLM is required. Details of one-dimensional (1-D) TLLM had
been given in [6], and Nguyen et al. [7] have developed a 1-D
model supporting two orthogonal polarizations. We have devel-
oped a 2-D TLLM model for the proposed structure [4]. In the
developed model, the forward and the backward probe waves
are named and , and those of the signal wave are named
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and , respectively. We describe the scattering process at
time of these four waves in the active region as

(1)

(2)

where denotes the incident wave, denotes the reflected wave,
is the scattering matrix for the signal wave, is the scat-

tering matrix for the probe wave, is the spontaneous noise
current, is the cavity wave impedance, is the attenuation,
and and are the section numbers in the traveling direction
of the probe wave and the signal wave, respectively. The ampli-
fied spontaneous emission (ASE) noise is modeled with noise
current , which is represented by three statistically indepen-
dent Gaussian distributed random processes [6], [8].

The connecting process which connects two scattering nodes
together can be written as [5]

(3)

where is the connecting matrix for the probe wave and
is the connecting matrix for the signal wave. It should be noted
that and are identity matrices for those sections where
there are no distributed Bragg reflectors (DBRs).

However, out of the XGM area, DBR exists in the vertical di-
rection. In these sections, is not identity matrix anymore and
should be modified to reflect the wave coupling and reflection in
DBR. To represent wave changes at the Bragg reflectors, we em-
ploy the connecting matrices using the effective index method
[6]

(4)

Here is the effective index of the low index layer and
is the effective index of the high index layer. The chirp of the
converted signals is calculated by differentiating its phase with
respect to time .

III. RESULTS AND DISCUSSION

The proposed structure has been analyzed by applying the
improved TLLM. The simulation parameters were shown in [4].
Fig. 2 shows the pulse patterns of probe wave (upper) and signal
wave (middle) as well as peak chirp frequency (lower) at the bit
rate of 2.5 Gb/s. In the simulation, the signal wave is located
at the gain peak and the probe wavelength was at 40-nm shift
from the gain peak. Moreover, the input signal power refers to
the power after amplification. The frequency chirping due to
dynamic change of the carrier density was observed in Fig. 2.
It was found that negative peak chirp frequency is larger than
the positive one since the fall time is shorter than the rise time.
Fig. 2 also shows that ASE noise is smaller at the low state than
at the high state, since gain saturation may reduce the ASE noise
at high input signal power.

Fig. 3 shows the contour plot of the output ER for the signal
wavelength and the probe wavelength in the region of

Fig. 2. Pulse pattern of probe wave (upper), signal wave (middle), and
peak chirp frequency (lower) at 2.5 Gb/s (R = 97:4%, R = 55%,
� = 1565 nm, and � = 1525 nm. ER of input signal = 10 dB.
Input power = 25 mw).

Fig. 3. Contour plot of the ER with respect to signal wavelength and probe
wavelength (R = 97:4% and R = 55%. ER of input signal = 10 dB.
Input power = 25 mw).

nm. Owing to the asymmetric gain profile, we observe
that down-conversion ( is shorter than ) leads to
a higher ER than that of up-conversion ( is longer than

). The peak chirp contour map with respect to the signal
and the probe wavelengths can also be calculated. We observe
that at the wavelength where high ER is obtained, large peak
chirp frequencies also appear due to shorter rise time and fall
time of the converted wave. Therefore, the optimum wavelength
region of signal wave and probe wave can be found by consid-
ering both of the ER and peak chirp frequency. In Fig. 3, the
shadow region indicates the optimum wavelength region, where
ER is higher than 10 dB, and peak chirp frequency is between

3.5 and 3 GHz.
The evolution of ER and peak chirp of the probe wave in

the transverse direction at different facet reflectivity is shown
in Fig. 4. We observe that ER increases along the transverse
direction because of the amplification of the signal power in
this direction, and the lower the reflectivity, the higher ER is
obtained due to the stronger amplification effect. On the other
hand, the peak chirp is also affected by the reflectivity. With high
reflectivity, the amplification of the signal wave will be reduced
as more carriers are consumed by the probe wave. Therefore,
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Fig. 4. Evolution of peak chirp frequency and ER in the transverse direction
of the probe wave at different facet reflectivity. (R = 97:4%.)

Fig. 5. Negative peak chirp frequency and ER of the probe wave as a function
of input signal power at with different wavelength locations (R = 97:4%,
R = 55%. � = 1565 dB).

the XGM will be weakened which results in longer rise time and
fall time for the probe wave. Fig. 4 reveals that high reflectivity
leads to a lower peak chirp frequency because of the longer rise
time and fall time.

We have investigated the effects of input power on the ER and
chirping in Fig. 5. In the calculation, wavelength difference of
signal wave and probe wave equal to 40, 20, and 40 nm,
respectively, is analyzed where signal wavelength is fixed at the
peak of the gain spectrum. In the simulation, the input ER is kept
at 10 dB as the power of input signal varies. From the results, we
see that the ER and the negative peak chirp frequency increase
with the input power, however, the ER saturates when the input
power is above 80 mw. The observed ER saturation can be ex-
plained as follows. The ER of the probe wave depends on the
“1” state level of the signal wave. As “1” state of input signal
increases to a specified level, it will consume almost all the car-
riers and make the probe wave work under lasing threshold.
After this critical point, even the input power increased, the “0”
state of the probe wave will keep at a constant. On the other
hand, the “0” state of the input signal has little effect on the
XGM. Therefore, the output of the probe wave will mainly de-
pend on the “1” state of the probe wave.

The effects of facet reflectivity on the ER and peak chirp have
also been analyzed. In our analysis, is fixed at 97.4% and

varies from with different input powers. Fig. 6

Fig. 6. Negative peak chirp frequency and ER of the probe wave as a function
of facet reflectivity for different input powers. (R = 97:4%.)

shows that the ER decreased while the reflectivity increased.
This is because more carriers are consumed for high reflectivity,
thereby leading to weakened XGM effect. Moreover, when the
input power is high, strong XGM effect will be produced. As
expected, high ER is observed in Fig. 6 at high input power.

IV. CONCLUSION

We have reported on a complete dynamic TLLM model for
a novel 2-D VCSEL-based wavelength converter. The proposed
VCSEL is used both as the laser source for the probe wave and
as an SOA for performing XGM. In our investigation, the opti-
mization of the wavelength location, input power level, as well
as the reflectivity of the VCSEL facet have been analyzed with
respect to the ER and peak chirp frequency. We show that a
wide-band wavelength converter can be designed by employing
the proposed 2-D structure.
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