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Abstract: A generalized model for calculating the tuning time of multiple-section 
current-injection laser diodes is presented. The method is applied 
theoretically and experimentally to the Grating assisted co-directional 
Coupler with Sampled Reflector (GCSR) laser. 

1. INTRODUCTION 

Optical packet switching is considered a key technology in the next generation 
optical communication networks. Different architectures rely on various photonic 
components such as tunable lasers, tunable filters, etc. to achieve fast optical 
routing of data. Fast tunable lasers are used to color packets of data according to 
their destination. Overhead and latency considerations dictate fast tuning time of 
the order of 50 nanoseconds for implementing efficient packet switching. [1] 

Among the different types of tunable lasers those based on the free carrier 
plasma effect such as DBR, SG-DBR, GCSR, etc., offer the combination of wide 
tuning range and fast tuning. Such lasers have been implemented in various system 
demonstrations [2-4]. The inherent physical limitation on tuning time in these 
lasers is due to the carrier lifetime in the tuning sections, of the order of 1 
nanosecond. Achieving fast tuning times requires fast electronic driving combined 
with accurate selection of the tuning currents (or operating points). 

In this paper we present a general approach for calculation of the tuning time in 
these lasers based on the properties of the laser and the electronic driving. This 
model can be used to optimize the laser design and to calculate the inherent 
physical tuning time limitations (assuming ideal electronic driving). Conversely, 
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the expected tuning time can be calculated for a particular electronic driving design 
and can be compared with its inherent physical limitations. We later apply this 
model to the GCSR laser and calculate the expected tuning time of a particular fast 
tunable transmitter. The calculations are verified experimentally. 

2. THEORY 

We are interested in obtaining the temporal frequency evolution f{t) of the 

laser following a change in the tuning currents designed to switch the laser's 

wavelength from a certain source wavelength yl̂  to a destination wavelength >1^ . 

We define the laser's detuning as its frequency deviation relative to the destination 

wavelength using: ^f{t) = f{t) — f^, where / ^ is the laser frequency at the 

destination wavelength. A relevant problem is to find the tuning time tj^ for 

which A/'(/yv^ )| = / , where / is the required frequency accuracy as 

defined for a system in which the laser is to be used. For practical reasons, the 
longest tuning time over the entire set of wavelengths defined for the laser will be 
regarded as the general tuning time. 

We define for each of the laser's tuning sections a detuning coefficient 

\df IdN). where the index / indicates the i-th tuning section, as the change in the 

laser's cavity mode frequency caused by a change in the carrier concentration N at 
that section. We assume these coefficients are constant and verify that 

experimentally. A change AA .̂ in the carrier concentration will therefore cause a 

frequency change Af = \df I dN). AN. provided the tuning is within the limits 

of continuous tuning and a mode-hop does not occur. While within the continuous 
tuning limits the detuning coefficient can be written as: 

df^ (df\ (dn'\ 
dN I \dri dN 

where /2* is the real part of the refractive index. The first term in the RHS is 
calculated by solving the amplitude and phase conditions of the cavity [6] and is 
dependant of the tuning section structure. The second term in the RHS is given by 

drU IdN — P^i, where /?^/is the free-carrier plasma coefficient [6] and is 

therefore equal for all the tuning sections. 
We define AN{t) = N{t) — Nj^ as the change in the carrier concentration in 

the tuning section relative to the predefined steady state value N^^ of the 
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destination wavelength /l^ . The carrier concentration N(t) is obtained by solving 

for each tuning section the rate equation: [6] 

dt qV^ 

where 7/is the current confinement factor, /(/)is the tuning current, F^is the 
junction volume, q is the electron charge, A,B, and C are the non-radiative, bi-
molecular and Auger recombination coefficients respectively. The tuning current 
/(O c^^ ^^ taken as a theoretical step function in order to investigate the physical 
limitations of the laser, or as the actual current pulse of the current driver used in a 
real laser transmitter. The effect of an improved current pulse such as a 
predistortion pulse can be explored in this manner. 

Finally, we assume that within the boundaries of continuous tuning, where only 
one longitudinal mode exists, the tuning sections affect the laser frequency only 
through their phases. Therefore, the laser frequency detuning is given by summing 
the contributions of all individual tuning sections: 

4/̂ (0 = Zf^W,(0 (3) 

Since the required frequency accuracy in practical systems is usually smaller 
than the entire continuous tuning range, this model is sufficient for the purpose of 
calculating the tuning time t^^ . 

3. TUNING TIME OF GCSR LASER 

The GCSR laser consists of four sections: a multiple quantum well gain section, 
a co-directional coupler, a phase matching section, and a sampled Bragg reflector 
section. The tuning range is 1529-156 Inm. A more detailed description of the laser 
structure is available in [5]. 

The reflection peaks of the sampled reflector are about 4nm apart. The coupler 
acts as a coarse filter, and the current applied to the coupler section is controlled to 
select one reflector peak. Fine tuning is achieved by tuning the reflector peak to a 
desired wavelength and adjusting the phase current to align the cavity mode comb 
to the selected wavelength. 

In fig. 1 a partial mode-plane map of the laser output power versus the coupler 
and reflector currents is presented. The boundaries of a single longitudinal mode 
are highlighted. The detuning coefficients are defined inside those boundaries and 
mode hops of ±0.2nm and ±4nm occur when the mode boundaries are crossed. 
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Figure 1. Map of output power versus coupler and reflector sections tuning currents of 
GCSR laser showing lasing modes. 

The detuning coefficients were measured empirically by introducing small 
increments to the tuning currents and measuring the change in laser frequency. The 
amount of change in the carrier concentration was then calculated by solving (2) in 
steady state. The physical parameters of the laser are given in [7]. The detuning 
coefficients measurement was repeated at different operating wavelengths, and the 
coefficients were verified to be constant. The measured values of the tuning 

coefficients {df/dN}. were 1.64•10"'^3.27•10-'^4.07•10-''[G^z•m^] for 

the coupler, phase and reflector sections respectively. The assumption expressed in 
(3) was also verified experimentally with an accuracy of 10%. 

We shall proceed to calculate the longest tuning time expected in a particular 
GCSR laser transmitter [7]. 

We define /max'̂ min ^̂  ^̂ ^ ^^^h and low limits of the tuning currents of each 

section. We shall focus on the worst case where all tuning sections are switched 

from I^^ to I^^^ [8]. In fig.2 we present an example of the frequency evolution 

calculation after the reflector current is switched. In fig.2(a) the current pulse i(t) 

is shown. The current pulses supplied by the transmitter to the tuning sections of 
the laser were measured using a digital scope and were used to solve (2). The 
reflector current is switched from 25mA to 1mA, and the current settling time is 
-BOns. In fig.2(b) the carrier concentration N(t) in the reflector obtained by 
solving (2) numerically is shown. In fig.2(c) the frequency detuning 



485 

4/^(0 = \pf / dN)AN(t) is presented. The frequency at the center of the mode, 

as shown in fig.l, is taken as the destination frequency/^ . As also shown in fig.l, 

beyond the vertical mode boundaries a cavity mode hop of 0.2nm occurs, which is 
associated with changing the reflector current beyond a certain value. While inside 
the mode boundaries, a frequency detuning of up to 6GHz can be observed 
between the mode center and the upper boundary. Consequently, fig.2(c) is valid 
onlyfor A / < 6 G / / z . 
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Figure 2. Tuning time calculation, (a) Reflector section current, (b) Reflector section 
carrier concentration, (c) Laser frequency detuning. 

We investigated the sensitivity of the tuning time to I^-^^ and I^^ separately. 

In the first set of calculations we examined the effect of I^^ on the tuning time. 

^min ̂ ^^ constant at 2mA in all the calculations, and 7,^^ was gradually increased 

from 25mA to 50mA. Fig.3(a) presents the individual contributions of each tuning 
section (while keeping the other two fixed), and the overall tuning time while 

switching all three tuning currents from I^^^ to 7̂ ^̂ ^̂ . 

In the second set of calculations we examined the effect of I^-^ on the tuning 

time. I^^ was constant at 25mA, and I^^^ was gradually increased from 1mA to 

15mA. Fig.3(b) presents the individual contributions of each tuning section 
assuming switching of only one section, and the overall tuning time assuming 

switching of all tuning sections from 7^^^ to 7^jj^. The required frequency 

accuracy / was 6GHz in all cases. 

We observe in Fig.3 that 7̂^̂^̂  has a strong influence on the tuning time while 

m̂ax ^^^ ^^^ ^̂ ^̂ ^̂  influence. Further we notice that the reflector section 

dominates the tuning time, due to its large tuning coefficient, and its large volume. 
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which increases the denominator in (2) and slows the tuning process. The dominant 
effect of the reflector section was also reported previously [8]. 

We therefore concluded that in a GCSR laser transmitter, the worst case tuning 
time is primarily a function of the reflector minimal current. 
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Figure 3. Theoretical calculations of tuning time with 6GHz accuracy, (a) As a function 
of the maximal current 7^,^ . (b) As a function of the minimal current / • . 

Experimental verification 
In this section we present the results of a set of experiments that was performed 

in order to verify the theoretical calculations of tuning time under the worst case 
conditions described above. 
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Figure 4. Theoretical and measured tuning time as a function of the reflector current 
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As noted earlier the frequency at the mode upper boundary was measured to be 
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approximately 6GHz less than the frequency at the mode center, throughout the 
laser tuning range. By using a 20GHz FWHM band-pass optical filter tuned to the 
frequency at the center of the destination mode, the mode hop into the destination 
mode, and consequently into filter pass band, produces a sharp increase in the 
detected signal, indicating the instant when the laser frequency obeys 
^f{t) = 6GHz. 

In Fig.4 we present the calculated and measured tuning time for two GCSR 
lasers. 15 operating points were selected with reflector currents ranging between 
1mA and 18mA. For currents above 7mA there is a very good agreement between 
measured and calculated results. 

When switching to operating points with reflector currents below 7mA the 
measured tuning times are increasingly longer than the calculated values. In order 
to achieve a tuning time of less than 50ns with a frequency accuracy of 6GHz the 
reflector current of the working points should be above 7mA. 

In order to investigate the long tuning times observed while switching to low 
currents we measured the voltage across the reflector during the tuning process. 
The reflector voltage is a direct indicator of the carrier concentration [6] thus 
providing an important view into the laser dynamics. 

0.5 1 1.5 
Time [usee] 

Figure 5. Reflector voltage during switching between 25mA and lower currents. 

As shown in Fig.5, there is a strong correlation between the measured tuning 
times and the measured reflector voltage transients. As the fmal reflector current 
decreases the voltage settling time increases considerably. 

Furthermore, the voltage-current curve of the reflector section was measured and 
its knee point was observed at 5mA. This indicates that most of the mismatch 
between the theoretical and measured tuning times occurs while the reflector 
current is below the diode cut-off current. We conclude that while the tuning 
section operates at low forward bias (2) does not provide an accurate model for the 
tuning section dynamics and a better model is required. 
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4. CONCLUSIONS 

We have presented a method for calculating the tuning time of multiple section 
current injection lasers. This method uses a system engineering approach that 
incorporates the electronic drive circuits together with basic semiconductor 
dynamics theory and the optical properties of the tuning sections which can be 
either calculated or easily measured. 

The method was applied to the GCSR laser, and the limitations on tuning time 
in this laser were calculated theoretically and verified experimentally. 

The theoretical calculation of tuning time which is based on the carrier 
concentration rate equation has proved to be accurate for currents above 7mA. 
Below this current we observed longer tuning times, which were also accompanied 
by a slow change in the reflector voltage. This indicates that at small forward bias a 
different dynamic model has to be considered. 
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