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Abstract: A novel two-dimensional vertical cavity surface emission laser
(VCSEL) based wavelength converter is proposed. We developed a two-
dimensional transmission line laser model (TLLM) to analyze the proposed
wavelength converter. This model takes into account Bragg reflectors by
using the modified connecting matrix. Therefore, accurate and efficient
modeling of the VCSEL structure is achieved. Extinction ratio of the output
signa is investigated by considering input signal power, wavelength, facet
reflectivity and cavity diameter.
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1. Introduction

Semiconductor optical amplifier (SOA) based wavelength converters have the potentia to
support wavelength switching in WDM optical networks[1,2]. In the wavelength converter an

intensity modulated input signal at the wavelength /lggnal (called signal) is used to modulate

the carrier density of the SOA. With the modulation of the A the (inverted) data can be

Signal !
copied onto another continuous wave on the wavelength /lpr obe (Called probe). The signal

wave and the probe wave can be injected into the SOA either co- or counter-propagating (Fig.
1). However, shortcomings exist in both of these configurations. For the co-propagating
injection, an optical filter is needed to suppress the signal wave. For the counter-propagating
method, though optical filter is avoided, an additional isolator at the probe input is needed to
suppress the strongly amplified input signal. Moreover, in the latter configuration smaller
bandwidth as well as an enhanced amplified spontaneous emission (ASE) noise level are
suffered [3].

Two dimensiona side-injection light-controlled bistable laser diodes (SILC-BLD) have
been reported by K. Nonaka [4,5]. These reports revealed that SOA based 2-D devices were
quite promising for optical signal processing. In this paper a novel two-dimensional VCSEL
based wavelength converter is proposed. In this configuration, the VCSEL acts as the laser
source for the probe wave and as the SOA to perform the cross-gain modulation. The probe
wave and the signal wave will propagate along orthogonal directions with the advantage of
simplifying the structure. We develop a modified transmission line laser model (TLLM) to
describe the VCSEL based wavelength converter. The dynamic characteristics of the
proposed wavelength converter have been investigated.

Ao
I Signal
- N
cw j‘F’r obe SOA _% %
Z‘Signal
cw 1 —— 1o
& SOA /q'Probe
—— JU

Fig. 1. Co-propagating and counter-propagating wavelength converter

2.VCSEL based two-dimension wavelength converter

To remove the optical filter or the optical isolator from the wavelength converters, the probe
wave and the signal wave can be incident on the SOA along orthogonal directions (Fig. 2(a)).
Owing to the limitation of the incident wave intensity, the length of the SOA should be very
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short. However, the cavity as short as 10 zmis very difficult to fabricate [6], and it is not

easy to get stable operation condition for such short cavity laser. To overcome this difficulty,
VCSEL can be employed for the advantage of its short cavity [7,8]. A novel VCSEL based
wavelength converter is proposed as shown in Fig. 2(b). Here we adopted the VCSEL
structure [9,10] and extended the active region at the horizontal direction. In the
configuration, the signal wave will incident at the horizontal direction and the probe wave will
output at the vertical direction, thereby a two-dimension wavelength converter isrealized. In
this structure, the extended active region was used to amplify the input signal wave, which
guarantees a strong cross-gain modulation effect. By this means, high extinction ratio of the
probe wave can be achieved.
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Fig. 2. (@) Schematic of two-dimension wavelength converter. (b) VCSEL based two-
dimension wavelength converter

In the proposed configuration, the VCSEL is used both as the laser source for the probe
wave and as SOA for performing cross-gain modulation. 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 VCSEL works as alaser source as well as an amplifier.

3. Two-dimension transmission linelaser model

To analyze the characteristics of the proposed structure, a two-dimension TLLM is required.
Details of one-dimension TLLM had been given in Ref. [11]. The schematic of the modified
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TLLM model for the two-dimension VCSEL based wavelength converter is shown in Fig.3.
In the developed model the forward and backward probe waves are named as F, and B, ,
and those of the signal wave are named as Fg and Bg, respectively. We describe the
scattering process at time t of these four waves in the active region as:

[Fo(nm] =s, [F(am]+ [ ,(nmz,T /2] ®
[Bo(nm)] =55 [B,(nm)] + [1,(nm)z,T/2] @
JFs(nm)] = sex [Fo(m)] + [1,(n.mz,T/2] ©
[Bs(nm)]" = s# [B.(nm)] + [1 ,(n.m)Z,T /2] @

where | denotes the incident wave, I' denotes the reflective wave, Sg is the scattering matrix
for the signal wave, S; is the scattering matrix for the probe wave, | & 1S the spontaneous
noise current, T is the attenuation factor, N and m are the section numbers in the traveling
direction of the probe wave and the signal wave, respectively. Zp is the cavity wave
impedance given as Z, = n_61207£/ N, where n_e is the effective group index, N, is the
effective index, Scattering matrices Sq and S, can be found in [11]. The ASE noise is
modeled with noise current Isp, which is represented by three satistically independent
Gaussian distributed random processes that satisfy the following correlation [11,12]:

<| (22X, (Z x,t)> =2AL.R 8(z—2)6(x—X)8(t—t)xhf /Z ©)

where [ is the spontaneous coupling factor, RSp is the spontaneous emission rate which is

assumed as bimolecular recombination ( BN %), §(X) is the Delta-function, hf is the photon
energy and L isthe laser cavity length.

z M sections
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/
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Fig. 3. Schematic of thetwo-dimension TLLM
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The information of the material gain is required in the scattering process. In our model
material gain depends on both the carrier density and the wavelength, given as[12]

8, IN(N/Ny) - &, (4 = 4,)° +a, (4 — 4,)°
1+e(Ps+Ps)

a(N, }“k) = (6)
where 8, , &, ,and a, are gain congdants, /1P the gain-peak wavelength, £ the gain
compression factor, N the local carrier density, N, the transparent carrier density. The gain

for the probe wave or the signal wave can be obtained when A, isset as A, g OF lggna] .

The connecting process which connects two scattering nodes together can be written as
[11]:

wlFe(n+Lm)] =C % [Fo(nm)]' ©
walBe(nm]'=C_* [B,(n+1Lm)]' ®)
t+1 [FS (n' m+ 1)]i: CS*t [Fs(n! m)]r (9)
wa[Bs(nm)]'=Cgx [B, (n,m+1)]" (10)

where C,, is the connecting matrix for the probe wave and Cg is the connecting matrix for

the signal wave. It should be noted that C, and Cg are identity matrices for those sections

where there are no distributed Bragg reflectors (DBR) such that no reflections happen
between forward waves and backward waves.

However, out of the cross-gain modulation area, DBR exists in the vertical direction. In
these sections C, is not identity matrix anymore and should be modified to reflect the wave
coupling and reflection in DBR. The connecting process in these sections is described as

Fp(n+1,m)i_c* Fo(nm) | w
L Be(nm) | 77 | Bu(n+1lm)

In the previous model, gratings can be modeled by connecting two adjacent scattering
matrices with impedance unmatched transmission lines [13]. However, the coupling
coefficient is difficult to calculate and can’t well reflect the effects of the DBR in VCSEL. To

represent wave changes a the Bragg reflectors, we employ the connecting matrices using
effective index method [9]:

2\/n|nh _(n| _nry
Cc - (n, +n,) (n, +n,)
" l(n -n, 2,/nn,
(n n%‘l +nh) (

(12)

n +n,)

which represents the connecting matrix when the wave travel from low-index layer to high-
index layer and
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2 AL L
_ (n +ny) " n%‘ﬁ%)

C, =
— 2,/n,n,
o o ) % +n,)

which describes the wave traveling from the high-index to low-index layer layer. Here n, is

(13)

the effective index of the low index layer and Ny, is the effective index of the high index
layer.

After the scattering and connecting processes, local photon density can be obtained from
the local field intensity [11]. Carrier density will be updated with the information of the local
photon density. The carrier density will be determined by the photon density of both probe
wave and signal wave, given as [14,15]

dN Ng, d N N
MOW _ TscH | TsoH  _ MOW  Mow V(I 9p P +T595Fs) (14)
dt 7. dyow  Te  Tragquow)
Ne _ 3 N Nuow Guow _ N, (15)

dt e dgy 7 e Aoy Trec(scH)

where N,\,IQW is the carrier density in the multiple quantum well active layer, Ng, the

carrier density in the separate confinement layer, d mow and dgyy the thickness of the active

layer and the separate confinement layer, respectively; Vg is the group velocity, 7, the
carrier emission constant, 7. the recombination time and7, the carrier diffusion time, €
the charge of the electron, J the injection current density, P and B, the photon densities,

05 and g, the material gains of the signal wave and the probe wave, respectively.

4. Results and discussion

We have analyzed the proposed structure by applying the proposed TLLM. Simulation
parameters are given in Table 1. Time domain response has been investigated at the bit rate
of 2.5Ghits/s. Figure 4 shows the pulse pattern of probe wave (upper) and signal wave
(lower). In the simulation the signa wave is located a the gain-peak and the probe

wavelength was at —40nm shift from the gain-peak, i.e, A =1565nm and

signal
A prove =1525N0M. We observe that the probe signal undergoes overshoot on the rising

edge. This can be explained by the fact that the carriers are greatly consumed by the signal
wave when it is a high state (‘1 state), thus the front end of the probe wave experiences
overshoot in the gain recovery process when the signal wave at the low state (‘0" state). The
result also reveals that the ‘1’ state power of the signal wave is as high as 25mw to get an
extinction ratio of the probe wave larger than 10dB. This is the reason why we have to
amplify the signal wave first before cross-gain modulation. In the simulation the input signal
powers refer to the power after amplification. Moreover the affect of ASE noise on the probe
wave can be seen in Fig. 4. It is shown that ASE noise at low state is smaller than at high
state, since gain saturation may reduce the ASE noise at the high input signal power.
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Table 1. Simulation Parameters

Par ameter Symboal Value
Gain peak wavelength A 1565 nm
Active layer length d 0.75um
Radius of coreregion r 1.125 um
Facet reflectivity ~ R, 0.974
Facet reflectivity ~ R, 0.55
Attenuation T 0.998
Wave impedance 7 123.1Q
P
Transparency carrier concentration N, 20x10%m=
Spontaneous coefficient yoj 5%107*
Bimolecular recombination B 1.4%x107*m3/s
d, 1.5x10°m™
Material gain constant a, 0.074x10°m™
a, 3.155x10°m™
Nonlinear gain compression factor & 1.3x102m?3
Confinement factor ~ r 0.158
Effective index of high-index layer
of Bragg reflector * n, 3.504
Effective index of low-index layer of n 2.952

Bragg reflector *

" Parameter are obtained from [7]
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Fig. 4. Pulse pattern of probe wave (upper) and signal wave (lower) at 2.5G (R1=97.4%,

R2=55%, A =1565nm, A4 =1525nm, the extinction ratio of input

signal probe
signal=10dB, dotted line represents the steady output power)
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To find the optimum signal and probe wavelengths, wavel ength-dependent extinction ratio
has been studied. Figure 5 shows the contour plot of the output extinction ratio for the signal
wavelength and the probe wavelength in the region of 1515~1615nm. Owing to the

asymmetric of the gain profile, we observe that down-conversion ( Ap g, iS shorter
than /15gna|) leads to a higher extinction ratio than that of up-conversion (Ap, g IS longer

than Ag.y )- 1t @lso shows that high extinction ration can be obtained if Ag,, isaround the

D)) N
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Fig. 5. Contour plot of the extinction ratio with signal wavelength and probe wavelength
(R1=97.4%, R2=55%, the extinction ratio of input signal=10dB)
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Fig. 6. Extinction ratio of the probe wave as a function of input power of signal wave at
different facet reflectivity, with the signal wave located at the peak of the gain curve and probe
wave located at 40nm and —40nm shift from the gain peak respect ( the solid line

Asga =1565nm A4 o = A, —40NM | ie, 1525nm, the dotted line
Asgna =15650M, 4 0 = A, —40NM i e16050m)
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We also investigated the effect of different output facet reflectivity on the extinction ratio.
As shown in Fig. 6, the extinction ratio of the probe wave increased with the signal power.
Moreover, a the same signal power, the extinction ratio decreased as the reflectivity
increased. This can be explained as following: when the output facet reflectivity increased,
more photons are confined in the cavity leading to enhanced stimulated emission, therefore
more carriers are consumed. With decreased carrier density, the gain of the input signal will
decrease, which reduces cross-gain modulation effect. In Fig.6 the 40nm down-converted and
up-converted cases were simulated. The results showed that down-converted case could
obtain higher extinction ratio.

-~ R,=50%
—O- R,=55%
20} |O- R,=60%

15 ;/O/C/O/O
(¢

10F

Extinction Ratio (dB)

0 ) ) ) )
0 0.5 1 15 2

Diameter (um)
Fig. 7. The evolution of the signal power in the transverse direction of the signal wave at
different facet reflectivity ( ﬂggnaj =1565nm , A4 =1525nm , input

power=25mw).

probe

The evolution of the signal wave in the transverse direction at different facet reflectivity is
shown in Fig. 7. In the simulation the input power is 25mw with 10dB extinction ratio. We
observe that the signal power is amplified along the transverse direction. The smaller the
reflectivity, the larger the amplifying factor will be obtained. The evolution of the extinction
ratio in the transverse direction is shown in Fig. 8. We see that due to the input power is

amplified aong the transverse direction higher extinction ratio is obtained with the amplified
signal.
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Fig. 8. The evolution of the extinction ratio in the transverse direction of the probe wave at

=1565nm , A =1525nm |, input

different facet reflectivity. ( A

'signal probe

power=25mw).
5. Conclusion

We proposed a hovel two-dimensional VCSEL based wavelength converter and analyzed it
using our developed TLLM. The proposed VCSEL is used both as the laser source for the
probe wave and as an SOA for performing cross-gain modulation. The developed TLLM
model provides an accurate tool to analyze the dynamic characteristics of the VCSEL based
wavelength converter. In our analysis, extinction ratio, facet reflectivity, wavelength location
as well as the variation of the field along the VCSEL diameter are taken into account. We
show that a wideband wavelength converter can be designed by employing the proposed
structure.
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