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Detailed Transfer Matrix Method-Based Dynamic
Model for Multisection Widely Tunable GCSR Lasers
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Abstract—A theoretical model suitable for both static and dynamic tuning characteristics of the device stay within the
dynamic analysis of widely tunable multisection Grating assisted system-driven characteristics throughout the whole operation
codirectional Coupler with rear Sampled grating Reflector ifatime. Static, dynamic, and lifetime performance of multi-

(GCSR) lasers is described in this paper. For the first time wide tion tunable | itive t iderabl b
static tunability as well as transient behavior of such lasers are section tunable lasers are sensilive 10 a considerable number

simulated. The theoretical model is based on the Transfer Matrix Of physical and geometrical parameters so that a powerful
Method (TMM) in combination with multimode rate equation  theoretical model is desirable for the optimization of complex
analysis and takes into account a number of physical processes indevice structures with respect to ultimate performance and
the laser cavity such as longitudinal mode spatial hole burning, yield

nonlinear gain compression, and refractive index changes with S | th tical studies h b f d f
carrier injection. Static and dynamic characteristics simulated everal theoretical studies have been periormed So 1ar on

using the proposed approach agree with the experimental results Static and dynamic modeling of multisection DFB and DBR
presented in the paper. lasers [10]-[12] and some models were presented for widely
Index Terms—Computer-aided design (CAD) methods and nu- tunable DBR with periodically sampled and chirped gratings

merical techniques, dynamic wavelength switching, integrated op- [13]. But no analytical or numerical model has been reported
tics and devices, modeling and simulation, tunable semiconductor to date for GCSR lasers. In this paper, we present a large-signal

lasers. dynamic model for GCSR lasers which is based on the Transfer
Matrix Method (TMM) in combination with multimode-rate
equation analysis and take into account a number of physical
_ ) processes in the laser cavity such as longitudinal mode spatial
W IDELY TUNABLE mutisection lasers are the key com-hole hurning (SHB), nonlinear gain compression, and refractive
ponents to be employed in future flexible wavelengtihgex changes with carrier injection. This paper studies the
division multiplexing (WDM) and other network applicationsyayelength and output power properties of GCSR laser under
(Internet Protocol over WDM (IP-WDM) [1], [2], All-Op- static and dynamic tuning conditions. The main motivation
tical Networking [3], etc.). Grating assisted codirectiongpy this work was to determine the wavelength evolution,
coupler with rear sampled grating reflector (GCSR) [4], [Smount of crosstalk, and realistic switching times between
and sampled-grating DBR (SG-DBR) lasers [6] are the magjferent wavelength channels at high switching speeds (with

promising candidates to-date due to their wide tuning range, 1.ns risetime) and to compare the obtained results with the
high side-mode suppression ratio (SMSR), relative simplicityyperimental ones.

and potential low cost of fabrication. In order to ensure wave-

Iength agility and failure-free operation, Waveleng_th-tunable II. LASER STRUCTURE

devices must not only achieve wide wavelength tuning rangesLI_ ] ) ) ]
but also support stable single-mode operation with high outpyt' "€ Structure of the multisection GCSR laser is shown in

power and high SMSR for each of these wavelength channdrid- 1(a). The device consists of four sections: a gain section,
Furthermore, fast-switching applications like wavelengt l

followed by a grating-assisted codirectional coupler section, a
routing [7] and fast broad-band wavelength conversion | 'hase-tuning section,' anq a reflector section with a sampled
[9] will require the shortest possible switching times betweddBR (S-DBR). By adjusting the current through the coupler
different operation channels relatively independent of tgction it is possible to select lasing on one of the reflection

start and stop wavelength. To reduce the cost of maintainif§aks of the sampled Bragg grating. The wavelength of the se-

these components in the network it is desirable that static dfdt©d Bragg peak and the exact mode position can thereafter be
controlled the same as for a conventional DBR laser, i.e., by cur-

rent injection into the Bragg section and phase section, respec-

Manuscript received December 13, 1999; revised June 12, 2000. This Wﬁr\ye|y_ Hence. a wide continuous tuning range can be achieved
Wassgpported by ONR under Grant NO0014-97-1- G024 and under ONR Yougg using all three tunina currents. The laser structure and di-
Investigator Program Award N0O0014-97-1- 0987. g g .

The authors are with Optical Communications and Photonic Networkaensions are more closely described in [14]. Fig. 1(b) shows
GrOup,‘ De_partment of Electrical and Computer Engineering, UanerSlyuperlmposed |aS|ng Spectra Of GCSR Operatlon for a number
of California at Santa Barbara, Santa Barbara, CA 93106 USA (e-mall'T ITU arid | h ch | I d 50 GH
olavrova@engineering.ucsb.edu). 0 grid wavelength channels equally space Z apart.

Publisher Item Identifier S 0733-8724(00)08071-3. Lasing can be tuned to any wavelength within the tuning range

I. INTRODUCTION

0733-8724/00$10.00 © 2000 IEEE



LAVROVA AND BLUMENTHAL: TMM-BASED DYNAMIC MODEL FOR MULTISECTION GCSR LASERS 1275

Gain Coupler Phase Reflector

400p m 500 m 150pm 900 m
[ 1 | I

P27 7777771222 r. 4
_
IR T TR T e PP
--l_

N
\ Ef Ef
_ _ —> 1.1 [T |- T | - T. 1 T. | 2=
A=1.58,m Ag=1.14ym A=1.38,m EB<— . ‘TJ ‘ r.l] il i
—> — — U F
(a Uvsp3<— - - P
0
Fig. 2. Schematic illustration of the TMM.
A0 foeo e ' 1 Fig. 2 illustrates the transfer matrix method and shows the
forward and backward propagating waves notation. The transfer

: matrix " for the whole structure is given by a straightforward
------ (I AT ERTH N multiplication of the individual subsection transfer matrices

' T%, where the first index stands for the section name (gain,
coupler, phase, or reflector), and the second index stands for the
number of the subsection within a given section. The forward
and backward propagating spontaneous emission is represented

R
S

Intensity, dBm
&

by equivalent lumped inputé/;,r and U,,p, respectively,

40 at the boundaries of each subsection. The steady-state TMM
equations for the; subsection of the laser structure are written
as follows:

-50

Z(J-I—l)( )
1580 1585 1590 1595 [E;(Hl)(w) }
Wavelength, nm i Iy il
(®) i [ i Txé“”)} : [Ef{(w)} Vst (@) L)
Tiw) Tpw)] [EZWw) U9 ()

Fig. 1. (a) Schematic structure of the GCSR laser. (b) Experimentally

measured superimposed lasing spectra of a large number of 50-GHz-spac ij ij -

ITU channels. At ere £} apq Ey are the forward and reverse propagating
TWAs of thei;j subsection. The boundary conditions at the ends

of the waveguideA{ = 0 and> = L) are
with 4+ 1-GHz accuracy; the widest GCSR tuning range reported

so far is 114 nm [14]. Ep(w,0)=rs-Epg(w,0)andEg(w, L) =1 - Ep(w, L)

wherer; andr, are the amplitude facet reflectivities.
However, the time-independent TMM equations above have
The model proposed in this paper is based on the TMM [15b be modified in order to be employed in the time-dependent
The basis of the TMM is to divide each laser section longitwase. In this particular case, (1) will look as follows (omitting
dinally into a number of sections where the structural and mne spontaneous emission terms for simplicity):
terial parameters are assumed to be homogeneous throughout
each section. However, these parameters may vary between ie@ (Hl) (w, t+ At)}
tions, allowing longitudinal inhomogeneities, such as those pr Z(’“) (w, t)
duced by spatial hole burning, to be incorporated into the model. [Tn(w t) Tm(w t)} { E}Z(w, t)
Each of the sections is chgractenzed by its @& 2 complex Ti(w, t) T(w,t) Ed(w, t + At)
transfer matrix that modifies the forward and backward trav-
eling-wave amplitudes (TWAs) as they propagate through tRgarranging these equations produces expressions for the up-
section. By calculating TWAs of the electric field and solvinglated amplitudes in terms of the old wave amplitudes and the
the multimode photon rate equation, we can solve for transidransfer matrix elements
and steady-state characteristics of the laser. Studies employing

Ill. M ODEL DESCRIPTION ANDEQUATIONS

}. )

the TMM method have to date concentrated mostly on the lasing E (w, tJert)
(_)ndmon, i.e., values of galn_and _frequgncy for Wh|(_:h the ma- =— (EZB(]-f—l)(w’ t)— T;{(t) EY(w, t)) (3a)
trix elementl», = 0. Our goal is to investigate dynamic as well T55(t)

as static tuning behavior of the GCSR laser, i.e., the values]gf(j+1)(w t+At)

carrier and photon density together with TWAs at each moment’ " " " "
of time in each laser subsection. = (Tn(t) CEp(w, ) +175(t) - B (w, t+At)) - (3b)
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A — — A Appendix. Here, for the sake of simplicity, we show the general
B, <— np -— B, form of the sampled reflector transfer matrix for the static case;
< L . M M 0
< > Eg 7 (w Iy o B (w
|:Ef: J\l( ) :| = H ([Tg;;ting(w)} : [ﬁrsl;é],ce (w)]) : |:Ef: OE ;:|
A4 Je o ][4 Bl B
= o ' (5)
{BJ [ 0 e jﬁLHBz] whereZ7:7. andI7;J.. are the2 x 2 transfer matrices of the
() grating burst and uncorrugated space for ftilesubsection of
‘ the reflector section}/ is the total number of sampled periods.
A; n; B A, Until now we were dealing with the sections that had only
—> ’ —_—

one waveguide, i.e., they were considered as a two-port problem
with 2 x 2 characteristic transfer matrices. This is not the case
with the coupler section, which has to be treated as a four-port
n; B: with a corresponding x 4 transfer matrix. The transfer matrix
for a single corrugation period in static case [see Fig. 4(b)] will
look as follows:

™
1
t
&

mtn  m-n

4 A r
Y[ 20 2mm . 2 E;;IA (w)
n,—n m+n N T
B —2— B EZ " (w N : . . :
1 2mn 2. 0mn 2 le( ) _ H ([01%2] (w)} . [T(Cwﬂ . [0(2:1] (w)} . |:T1‘3:J (w)})
®) By (w)| o1
c, N
Fig. 3. Basic transmission matrices for (a) homogeneous waveguide and Bs (w) o
refractive index step. E7 ()
E
Here we should note that all of the subsections must have the ' E;O(w) ®6)
same length equal th» = v,At wherew, is the group ve- 620
locity. In addition to ensuring that SHB effects are included, sub- ER, (@)

dividing each section into further subsections ensures that th

C,j C,j . . .
basic assumption of the time-dependent TMM is satisfied, i'%ﬁereTl , T are thel x 4 propagation matrices for high or

transfer matrices of each subsect(@j(t)] remain unchanged . W reflection index ri%'onc?j the corrugation in tth subsec-
over the intervat to ¢ + At tion of the reflectorO3’, O3’ are thed x 4 overlap matrix for

The transfer matrices associated with the elementary SLtJB? mte_zrface between high or lO\.N reflegtlon _mdex waveguides,
dN is the number of corrugation periods in the coupler sec-

sections can normally be found in a straightforward mann ion. Derivation and details of these matrices are given in the
Fig. 3(a) and (b) show the most basic transmission matric %p'endix 9

associated with a homogeneous waveguide of ledgthith : i .

a complex propagation constadt[Fig. 3(a)] and a refractive Finally, (4)—(6) are used to find the overa_ll transfer matrix o_f

index step from, to 7 [Fig. 3(b)]. From just these two struc- the whole GCSR laser structure. In the static case, transmission
f the lasing mode tends to infinity if the net gain equals the

tures it is possible to build a wide range of laser structures. . .
P 9 threshold gainy;, and the wavelength corresponds to a lasing
wavelength of the cavity. For the dynamic case, following the al-

The transfer matrix for the gain section is given simply by th
product of transfer matrices for homogeneous waveguides gorithm described by (3), we can find the TWAS of the forward
and reverse propagating electric field at each moment of time,

m and derive carrier and photon distributions together with output

[Tgain] = [Tg,i] - [Ty, 5]+ -+ - [To,m) = [[[To.] 4  power and lasing wavelength at each moment of time. No as-
=1 sumptions were used in any of the above equations, so they may

wherem is the number of subsections in the gain section. g\uccesswely be employed for both large- and small-signal anal-

ysis.
In order to derive the transfer matrix for the sampled reflecto As has_ been mentioned bE‘fOTe* each_ of the subsectl_ons IS
naracterized by a constant carrier density, photon density, ef-

we need to consequently multiply the transfer matrices cor " fractive ind h hift. and i ficient f
sponding to the corrugation periods with the matrices corr -ctive retractive index, phase shift, and coupling coetficient for

sponding to the propagation in the homogeneous waveguide RE coupler and reflector sections. Within a sectidhe local

gions [see Fig. 4(a)]. The difficulty of the chirped sampled ré[lteraction between the carrier densky’ and the photon den-

flector case from the point of view of numerical calcuIationg't'e(}jssphO,:c the I?ngltudltpal mode is described by the mult
is that the refractive index profile is different within differen{™Cd€ Photon rate equation
subsections. That means that a sophisticated meshing subrouy- g

similar formula can be written for the phase section.

(%] 2] r
tine has to be designed for this section. Derivation of the trans@ =n 1 _ANij_B(Nij)Q_C(Nij)?:_Z Uggijsj,j. 7)
mission matrix for the sampled reflector is demonstrated in the 9 €vi =1
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Fig. 4. lllustration to obtaining the transfer matrices for (a) sampled reflector and (b) grating-assisted coupler.

Here I/ denotes the current injected in each subsectois, In the steady-state case, the TMM algorithm computes the
the injection efficiency of current into the active volui@’, self-consistent solution for the longitudinal distributions of the

e is the electron charge;”’ is the power material gain? is carrier density, photon density, and the carrier-induced refrac-
the number of axial modes in the multimode case, and, C' tive index change at a particular bias level. Laser tuning curves
are parameters describing nonradiative, bimolecular, and Augee calculated as the peak lasing wavelengths assuming the
recombination, respectively. The photon density for each moseady-state carrier, photon and refractive index distributions.
p in each subsection is given by The time-averaged output spectrum of the laser is calculated as

- N 1 the power out of the front facet
s = (|#2, )o@ :
2ug Plw,t) =(1 - Ry)hv - wd |Epi(w, t)] (12)

The power material gain is approximated by the standard linggf,e e 7 - s the reflection coefficient of the front facety is
function of the carrier density with a slope given by the di1‘ferfne photon energy, and andd are active region width and
ential gaindg/dN and an offset defined by the transparency i\ ness respecti;/ely

carrier densityVy,.

2 .
ij
+‘EBJ)

The block diagram of the transient calculation is shown in
dg .. Fig. 5. First, the structure is initialized with either zero-current
(N, i) = AN ) ste_lte or any other s_tate that could _be saved frqm previous calcu-
9p » 1+eSY lations, and the uniform or nonuniform mesh is set up over all
) ) ) ~the sections of the laser. Then for each section, given the new
wheree is the gain compression factor. The refractive indeyy|ye of currents, the subsection carrier densifiés are cal-
of the waveguiden,,,; in section: as a first approximation ¢yjated according to the carrier-density rate equation (7), this
linearized around the transparency carrier density using eits turn updates the values of refractive index and gain for
linewidth enhancement factor each subsection according to (9) and (10). On the next step,
i i 1 dg new values for the transfer matrices for each subsection are cal-
Naet (V) = Naee = oo @AWY = No). (10) ¢ 1ated and the values of the forward- and reverse-propagating
The variation of the effective refractive indeéxn..« is obtained trave_zlmg waves are updated. The photon density for each sub-
from the refractive index changen.,.. in the active layer using _sect|0n is calculated and _the ou_tput power from th_e front facet
the approximation, which can be obtained by first-order pertdls- found. The prqcedure 'S camed out for the desired number
bation theory of wavelgngth points, after wh|qh the whole procedure starts all
over again with new values of time and current.
At = TpAnge (11) In our transient process studies we were primarily concerned
with switching between different lasing modes, which involves
wherey,, is the optical confinement factor of the active layer fochanging only the values of the coupler, reflector, and phase sec-
the pth mode. tions keeping the gain current constant. Our primary goal was
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TABLE |

PARAMETERS USED IN

l Initialize structure, setup the mesh ’ SIMULATION
12 Parameter Unit Value
Update currents I : i
rp < ‘ Carrier-density rate equation Gain section length, Z, pm 500
L — Waveguide thickness, d um 0.2
' Sections carrier density Ny ] ]
Waveguide width, w pm 1.5
Material parameters 1
v v v Active section waveguide loss, o cm 40
Spontaneous Refractive Material Gain g;; Active section group index, #, - 4
Emission U indices 7y . - - 17
- i Gain compression parameter, & em® | 1.5x10
< ’ Gain (?ompressmn &y ‘ Transparency carrier density, Ny em” | 1.15x10"
N Differential gain, dg/dN cm? 2x107'°
| Sections Transfer Matrices 77 | Coupler section length, L, pm 500
X - A=h+a2 Coupler center wavelength at zero bias, Ac pm 1.605
Subsections Travelling-Wave 7 ”
Amplitudes (E% andEY ) Tuning efficiency, dwdN cm” -17x10"
l .
v Reflector section length, L, pm 900
‘ Sections Photon Density §y ; Reflector center wavelength at zero bias, A: [ pm 1.605
)
Y Phase section length, L, pm 150
Output Power P(t) ] .
Non-radiative recombination coeff., 4 s 0.5x10
Radiative recombination coeff., B em’s! 1x1071°
Fig. 5. Block diagram of the transient calculation procedure. . 6 -1 29
Auger recombination coeff., C cm’s 2.5x10

to study the evolution of the wavelength and the switching time
as a function of switching modes and to identify the factors that

could help improve dynamic tuning performance. The resulfd Fig. 6(a) and shows tuning curves as a function of only re-
are described in the following sections. flector current with coupler current fixed at different values. The

peak lasing wavelength is plotted for each pair of coupler and re-
flector currents with the SMSR 30-dB criteria, so that no point
is plotted in case of multimode operation or if the SMSR is less
To demonstrate and verify the model, we have performegen 30 dB. From the plot we can see that some wavelengths
static analysis of the optical spectra, lasing wavelength, agek impossible to obtain or can only be obtained with a poor
tuning curves of a typical four-section GCSR laser. The materighiSrR—as can be anticipated, this happens when the sampled
and geometrical parameters of the simulated device are giveRdfiector and grated coupler transmission spectras have poor or
Table I. All calculations are performed on the Pentium Ill petyo overlap. Most of these wavelengths can still be reached when
sonal computer. Typical computing times were on the order gfning with phase current is also used. A separate plot would
10 h (depending on the problem conditions). be needed to illustrate this since the phase current would corre-
The tuning curves of a GCSR laser are an essential po&ﬂfond to another dimension.
for the comparison between theory and experiment, since thq:ig_ 7(a) and (b) shows experimentally measured tuning
position and relative amplitudes of various modes are sengiyves, similar to the simulated ones in Fig. 6. Wavelength
tively influenced by the structure and waveguide parametefysitions of the plateaus are in good agreement with the simu-
the coupling factor, the phase shifts, and the unknown end faggbq ones. A larger number of wavelengths is missing on the
phases of the grating. Static tuning curves for the simulated §geasured tuning curve then it was predicted in the simulation.
vice are shown in Fig. 6(a) and (b). Coarse tuning of the lasiRgis may be due to any imperfections of the GCSR fabrication
wavelength is realized by changing only coupler current—pegkgt are difficult to account for in the simulation (such as

wavelength is tuned in steps corresponding to sampled reflegi@fveguide thickness deviations, overgrowth imperfections,
comb spacing (4—6 nm). Medium tuning is realized by changi@c)_

reflector current—peak wavelength is changed in jumps corre-

sponding to longitudinal mode spacing of the GCSR laser cavity V. DYNAMIC RESULTS

(0.2—0.4 nm). Truly continuous tuning of the lasing wavelength i

is realized by simultaneous changes of all three (coupler, f&- Transient Process

flector, and phase) currents (not shown in the figure for clarity). Fig. 8 shows the calculated transient turn-on process from
Fig. 6(a) shows the wavelength surface that can be obtained/by- 0 mA to I = 31y, for the two characteristic cases. In Fig.
tuning of the device with both coupler and reflector current8(a), the final state corresponds to a stable single-mode opera-
Fig. 6(b) is a two-dimensional (2-D) cross section of the pldion, and in Fig. 8(b), the final state corresponds to multimode

IV. STATIC RESULTS
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Fig. 6. Static tuning curves of the GCSR laser, showing all possible lasing b
wavelengths. (a) Three—dimensional (3-D) surface obtained by variation of both ®)

coupler and reflector currents. (b) Cross section of (a) obtained by variationgg. 7. Experimentally measured static tuning curves of the GCSR laser.
the reflector current at fixed values of the coupler current.

ether while keeping gain current constant (such that coupler,

operation. In case of Fig. 8(a), the peak lasing mode is selec?g ector, and/or phase sections carrier densities are changed di-

and all other modes are suppressed from the very beglnm
The case of Fig. 8(b) shows the worst case of the mode com (%ctly, while the carrier density in the gain section is allowed to

. L ary as a result of these changes). In the case of carrier-induced
tition when both modes come up initially, but the shorter wave-

mdex change, the carrier-density response to a current step can
length mode is then slowly suppressed. The side-mode suppte

sion time depends on the initial (zero coupler and zero reflector approxmated by the exponential function [16]
currents) alignment of the coupler and reflector peaks, which i _ t
many cases is determined by the unknowns of the technologicZY(t) = Nstart + (Nstop = Nstare) | 1 = exp T, (13)

process (relative phase of the rear facet reflection, phase sh| t
and amplitude of the internal reflections, etc). where Ngiar, and Ngiop are initial and final carrier concentra-

tions, 7,—spontaneous recombination time. It can be clearly
Also, depending on the initial and final Wavelengths Iasmg on

Optical network applications require access to a large num fils wavelength is characterized by a certain carrier density in-

of channels and the latency of such networks is determined
the switching time between different channels. Thus itis impor-
tant to study and optimize the wavelength-switching behavior N(X\) = N; £ AN, (14)
before the laser is employed in a fast optical network.

As was mentioned before, tuning is obtained by changifthe switching time will vary considerably between switching
either coupler, reflector, or phase current, or all of them tof the Ay < XA; wavelength channels and) «— Xy (Wwhere
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Fig. 8. Transient turn-on process for (a) stable single-mode operation and (b) multimode operation regimes.

wavelength 0 through 10 are numbered sequentially. This istifte transient time. Lasing at these intermediate wavelengths
lustrated in Fig. 9. is due to the fact that the carrier density is swept through the
We performed simulations of the wavelength switching’hole range of values corresponding to each of these channels.
between a large number of wavelength channels. The uppére switching time may be reduced if the shape of the driving
curve in Fig. 10 shows the simulated waveforms for the casarrent pulse is modified from square to a differentiated rise
of switching between two different wavelength channgls and fall fronts [17]. Simulated waveforms for the same— As
and \g which are 20 nm (or three wavelength channels) apasiwitching but with modified current pulses are shown in the
The switching time is 6.5 ns for thky, — Ag transition and lower waveform in Fig. 10. The switching times have now de-
5.5 ns for thexg — A4 transition. A significant amount of creased to 4.9 and 4 ns for the— Ag and g — A4 transitions,
interchannel crosstalk noise (momentary spikes of signal raspectively. It can be clearly seen that the amount of transient
intermediate wavelengthk;, Ag, and A7) is observed during interchannel crosstalk is much smaller and the switching time
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Fig. 11. Calculated switching times for switching between different
Fig. 9. Carrier density response to a current step and carrier density rangeayelengths\ y — Ag.
corresponding to different lasing wavelengths
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is much shorter in this case. Simulated switching time a ¢ ,| o ®
a function of a wavelength number for the case of squar E ° ¢
driving pulses and differentiated pulses is shown in Fig. 11 & ;| O o o ¢ °
The logarithmic increase of the switching time is observed il § - o
both cases as the wavelength step increases. However, us 2 2| o0 e i
the predistortion differentiated pulses, we could measure
significant reduction of the switching time. 1 ®
Fig. 12(a) shows measured switching waveforms for switck e
ing between two lasing modes 20 nm apart (similar to th °0 ' 5 ' 10

one shown in Fig. 10) using the predistortion technique. Th
. . Mode number

switching times were found to be 7.6 and 6.2 ns (compare to

4.9 and 4 ns as simulated). The amount of the interchannel ()

crosstalk measured in the experiment is larger than predictedrii 12. Measured (a) switching waveforms and (b) switching times for the

the simulation, and is due to the parasitics in the experimental — o transition.

circuitry. Fig. 12(b) shows measured switching time as a

function of a wavelength number, similar to the one in thim [17], where switching time reduction up to 50%, using the

Fig. 11. Details of this switching experiment are describgutedistorted pulses, was reported. The measured and calculated
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switching times show a good agreement demonstrating NveereT,z”j(w) is the transmission matrix of each of ti¢h
validity of the proposed dynamic model. corrugation period in théth subsection which can be written
as follows (omittingr and; indexes for simplicity):

ng+n1  Ne—nNy

VI. CONCLUSION L) 2 /nany  2y/nani [ej,ale“ 0 }
. . . . AR = : —jBe1 L

A new dynamic transfer-matrix-based model in application ne—n1 N2t 0 ¢ IRk
for widely tunable GCSR lasers is developed and described 2y/nan1 2y/nang
in this paper. Static and dynamic tuning, transient process I S Sl
dynamics, and switching time were simulated and compared 2\/nan1 2¢/nam [ edPralnz 0 (5b)
with the experiment. This model gives accurate self-consistent | ny —ny  nz +n; 0 e—IP2lre
results that agree well with the measured ones. 2\/man1  2y/nani

The proposed model may find several applications such as '
design of the GCSR laser structures aimed to optimize deviged 73/ .(w) is the transmission matrix of the uncorrugated
ultimate performance or analysis of similar types of lasers (likkpace in theth subsection
sampled-grating DBRs). The efficiency of the numerical simu- T
lation (which runs easily on a personal computer) suggests that 157 (w) = [CJ’ v —ragﬂ'yvﬂ' } (5¢)
the proposed model can be used as a building block in CAD pro- ! 0 eI e
grams analyzing reconfigurable multiwavelength optical ne\;\;h ereny,

, L1, Lo, Bu1, and By are refractive indexes,
work systems. n2, Li1, Lrz2, Bra Br2

length, and propagation constants for the high and low refractive
index corrugation regiong(= 1, 2); correspondinglyL, is the
length of the unsampled region.

APPENDIX

B. Transmission Matrix for the Grating-Assisted Coupler
This Appendix presents the description and derivation of the g P

transfer matrices for a grating-assisted coupler and chirped sam?® Schematic view of the grating-assisted coupler is shown in
pled reflector. For the sake of simplicity we will consider th&19- 4(b). As was stated in (6), the total transmission matrix of
generic case when the length of the subsecienequals ex- the grating-assisted coupler is

actly one period of either coupler or reflector section. This i$ . »

not always true sincé\z is determined by the time step of the| 1 («)
analysisAt, but generalization of the obtained equations to &g V(w)| N« ; . . .
case whem\z contains more then one or less then one period . IH([Ol’Q (W)HT ’ (w)HOQi (w)HT ’ (w)D
can be done in a fairly straightforward manner. Eg W) =
25 (@) 0
A. Transmission Matrix for the Chirped Sampled Reflector Efp’l (w)
The schematic view of one period of the sampled reflector is ) E ©)
shown in Fig. 4(a). As was stated in (5), the total transmission E;;izo(w)
matrix of the sampled reflector is 0
EBZ (w)
EpM(w) i _ v ER°(w) whereN is the number of corrugation periods in the coupler sec-
ERM(w) = H ([Tgrating(w)} ’ [Tspace(w)])' E%%w) tion, 77"’ and75’”’ are4 x 4 propagation matrices for high- or

=1 () low- reflection index region of the corrugation in tlih subsec-

tion of the reflector which can be written as in (6a) at the bottom
of this page (omitting: and 5 indexes for simplicity) where
B, p is the propagation constant for the high- and low-refrac-

whereM is the total number of sampled periods dfidis the
transmission matrix of the grating burst

K tive index corrugation regions: (= 1, 2) in the upper or lower
;}jimg(w) _ H T,:’j(w) (5a) Waveguide ;@_: 1,2) respectlvelyofg_ andO3;’ are thed x 4
Pt} overlap matrices for the mode matching at the interface between
exp(jﬁl, 1L1) 0 0 0
0 eXp(—jﬁl 1L1) 0 0
1, = ' ; 6a
1 0 0 exp(]ﬁl, 2L1) 0 ( )

0 0 0 exp(—jﬁl’ng)
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high- or low-reflection index waveguides, such that (omitting [14] P.--J.Rigole, S. Nilsson, L. Backbom, T. Klinga, J. Wallin, B. Stalnacke,
and;j indexes for simplicity again) E. Berglind, and B. Stoltz, “114-nm wavelength tuning range of a ver-
tical grating assisted codirectional coupler laser with a super structure
(1]1) 0 (1)2) 0 grating distributed Bragg reflectofEEE Photon. Technol. Leftvol. 7,
0 <1|1> 0 <1|2> PP. 696—699, July 1995. )
O1s = (6b) [15] M. G. Davis and R. F. O’Dowd, “A transfer matrix method based large-
<1|2> 0 <1 | 1> 0 signal dynamic model for multielectrode DFB laset&EE J. Quantum
0  (12) o (11 Electron, vol. 30, pp. 2458-2466, Nov. 1994.
. [16] P.-J. Rigole, “Widely tunable monolithic semiconductor lasers,” Royal
wherel, 2 stand for upper and lower waveguide, gi¢l) and Inst. Technol., Stokholm, Sweden, Tech. Rep. TRITA-MVT Rep.

(1|2) are overlap integrals at the interface between high- and _ 1997:2, 1997.

low-refractive index regions. Calculation of these integrals ig17]

P.-J. Rigole, M. Shell, S. Nilsson, and D. J. Blumenthal, “Fast wave-
length switching in a widely tunable GCSR laser using a pulse pre-

described elsewhere [18] and is beyond the scope of this paper. distortion technique,” presented at the Optical Fiber Communications

Conf., Feb. 1997, Paper WL63.
[18] A. Sudbo, “Numerically stable formulation of the transverse resonance
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