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Influence of Mode Competition on the Fast
Wavelength Switching of an SG-DBR Laser

Yonglin Yu, Student Member, IEEEBNnd Ronan O’DowgdSenior Member, IEEE

Abstract—Because the sampled grating distributed Bragg re- ~ For DBR-type tunable lasers, the speed of the wavelength
flector (SG-DBR) laser is among the most attractive sources for switching is limited by the carrier lifetime in the grating sections
wavelength division multiplexing (WDM) systems, it is important 54 mainly depends on the carrier injection in those sections.

and necessary to investigate its wavelength switching character- . .
istics. This behavior will set the capability limits for reallocation Our new experimental results on a high-speed SG-DBR laser

in wavelength-routed optical networks. In this paper, that mode have shown that switching delay generally decreases with in-
competition plays an important role in the wavelength switching ~ creasing the amplitude of the switching signal [10]. The higher
dynamics of DBR-type tunable lasers is confirmed experimentally. and faster the carrier injection is, the faster the wavelength
By using a time-resolved spectrum technique, the loss-dependentg,yitching is. However, there is a deep physical mechanism
mode competition behavior has been directly observed, for the first . - o .

time, from measurements of wavelength switching on an SG-DBR interrelated with the wavelength switching behavior of such

laser. devices. This is the carrier injection in the passive sections that

L L also affects mode losses of the device simultaneously. When the
Index Terms—bPense wavelength division multiplexing

(DWDM), dynamic channel reallocation, sampled grating svyitching signgl is applied to the Iaser,.the emitted modg power
distributed Bragg reflector (DBR) lasers, tunable semiconductor Wil change quickly and, hence, result in mode competition.
lasers, wavelength division multiplexing (WDM), wavelength Inthis paper, the mode competition that plays animportantrole
switching. inthe wavelength switching dynamics of DBR-typetunablelasers
was investigated experimentally. By using a time-resolved spec-
I. INTRODUCTION trurr_1 (TRS) techn.ique, the Ioss—dependent mpde competition be-
o ) ) haviorhasbeendirectlyobserved, forthefirsttime, frommeasure-
T HE realization of widely tunable laser transmitters for usg,ents of wavelength switching on an SG-DBR laser. Although
in wavelength division multiplexing (WDM) transmissiontpjs effect was recognized by modeling and indirect experimental
and switchingis seen as an ever more importantgoal[1], [2]. Thissuits for DBR lasers a few years ago [11], the absence of a suf-
is due to the fact they can offer several opportunities to increaggently accurate and effective measurement technique had pre-
the capacity, the functionality, and the flexibility of WDM net-yented its direct observation and recognition of its significance.
works leading to potential architecture simplification and cost-ef- aAnother factor is that switching should occur betwstable
with different newly developing network architectures and teclyn, the static tuning characterization of the device, desired wave-
niques have further demonstrated this point [6], [7]. length switching routes can be designed by setting different ini-
~An important issue related to widely tunable lasers, espgs| points with combinations of the two grating currents. For a
cially in the applications mentioned here, is their wavelengffked route, four switching types are achieved by applying dif-
switching speed as it will affect wavelength routing desigferent amplitudes of the switching signal to the back section.
and the capability limits for wavelength channel reallocationeasured results of the switching delay for these switches are
Therefore, it has attracted more attention and related resygsented. It shows that the switching delay generally decreases
have been reported. For a sampled grating distributed Brag@h increasing the amplitude of the switching signal for the
reflector (SG-DBR) laser, switching time in the range of 4-8 ngyen switching types. That mode competition is an important

over 12 nm by driving one grating current for an SG-DBR lasgjhysical mechanism for this tendency is obtained by analysing
has been measured [5]. For a grating-assisted codirectiogalet of accurate measured and resolved results.

coupler with rear-sampled grating reflector (GCSR) laser,

switching time smaller than 14 ns over 57 nm by only driving Il. STATIC CHARACTERISTICS

coupler current has been obtained [8]. By using heterojunction ) , . . )
bipolar transistor (HBT)-based arrayed laser driver technology, ' '€ four-section SG-DBR laser investigated here is designed

switching time in less than 5 ns over 45 nm for a GCSR las high speed, and its structure is described in Fig. 1. It has a
has been achieved [9], [13]. 502 resistor matched to the back section, which allows high-

speed modulation on the back section current. Measurements
. . . . _can be performed where the wavelength of the laser is switched
Manuscript received April 10, 2001; revised September 10, 2001. This W(Hy Vi 150 . . . | hi .
was supported in part by Eircom PLC (previously Telecom Ireland), Ericss! applying a -p§ r|Se'F'me signal to _t !S SeCtIOI.’l. ) )
(Ireland), and Tsunami Photonics. . A map of the static tuning characteristics of this device is
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Electrical and Electronic Department, University College Dublin (UCD)and back arating section currents. It is fan shaped with two dis-
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Fig. 3. Wavelength switching routing with the initial bias point at a front
section current of 0.8 mA and a back section current of 4.3 mA.

setting different initial bias points. For example, one switching
route with the initial bias point at a front section current of
0.8 mA and a back section current of 4.3 mA is shown in Fig. 3.
As can be seen from this figure, for the fixed bias point, various
wavelength switching or mode switching can be achieved by ap-
plying different amplitudeg\ I, of the square-wave switching
signal to the back grating section. Here, the frequency of the
switching signal is 40 MHz, which means the switching signal
current stays low level for 25 ns and high level for another 25 ns.
Fig. 2. Static tuning characterization for the device. This pulse duration must be highly stable and transient occurs
in 150 ps.
of the grating reflection peaks across the gain spectrum of théAs shown in Fig. 3, A, B, C, and D are used to denote dif-
active section and so called a supermode. As shown in Fig.ferent supermodes, and 1, 2, and 3 are used to denote different
changes in frequency can still be seen within each step regitsigitudinal or cavity modes. Dashed lines with arrows indicate
Each smaller step is caused by shifting the comb-mode spaeailable switching types in the experiment.
trum and so-called longitudinal mode. In this case, the super-The switching delay is used here to evaluate switching speed,
mode jumps and the longitudinal mode jumps are measuredihich can be defined as the delay between the time when the
the range of 4 to 8 nm (0.5 to 1.0 THz) and about 0.4 nm (5®vitching currentapplies and the time when the destination mode
GHz) respectively. Stable operating points are those far aw@§comes dominant. In practice, the switching delay is taken as

from mode boundaries. and Tsn(F) = Ty1 — Tr1 — tao 1)

Fopquercy [THz]

Back Seciion Cument jmd) o~ Fapal Sacmein Guiset] [md]

[ll. DYNAMIC MEASUREMENTS
) ) Tsp(B) =To2 — T2 — tao (2

A time-resolved spectral (TRS) measurement technique
based on the Fabry—Perot Interferometer (FPI) has been devéiereTsp(F) represents théorward switching delaycorre-
oped for studying the wavelength switching dynamics of lasesponding the increase of the current) &ig(B) represents the
[10], [12]. The optical signal passes through a FPI and then tdbackward switching delaycorresponding the decrease of the
fast detector to produce a time trace. The measurement is tiearrent) Z’r; andZr, are the times of the rising and falling edge
obtained by combining time traces for different settings of thaf the switching signal, respectivelj,; andT,. are the instants
FPI center wavelength or frequency. The measurement systeiren the power level of destination mode surpasses that of the
and reconstruction algorithm has been described in detadrlier lasing mode. The term, stands for a physically fixed
elsewhere [14]. The bandwidth of the fast detector and tpath delay caused by the difference in the transmission time be-
sampling heads of the high-speed digital sampling oscilloscopeeen the optical and electrical channel. It should be calibrated
are 20 and 25 GHz, respectively. The free spectral range (F3iRfore measurements and the accuracy of the calibration should
of FPI is set at 280 GHz for the following measurements. The higher than 0.1 ns.
bandwidth of the measurement system, in effect, is limited by The measured results of the wavelength switching delay
the bandwidth of FPI, which is about 12 GHz [12]. based on the switching route as shown in Fig. 3 are sum-

The laser under test is mounted on a temperature-stabilizedrized in Fig. 4. There are four sets of data in each graph,
heat sink and biased by low-noise sources with an active sectamresponding to four different types of mode switching shown
current of 90 mA. Desired switching routes can be designed oy Fig. 3, i.e.C2 to C3, C1to B2, D3 to B2, andD2 to B3.
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— —_————— switching caused by the carrier injection in tuning section also

[ i i i affects the mode losses of the device, so that the mode power
! s Iﬂ changes during the wavelength switching. Moreover, the condi-

: (a) tion of single-mode lasing might be broken and mode competi-

iy iy Lo i oy !

tion will occur.

Our experimental results confirmed that the mode competi-
T tion plays an important role in the wavelength switching dy-
namics. For the first time, the loss-dependent mode competition
behavior has been directly observed from the measured results

-

H

ﬁ :.:l_EI:: i

i obtained by the TRS technique.
o Fig. 5 presents a set of measurements under the switching be-
. P ®) tween mode$3 andB2. The laser initially lases at mode3.
5 | | When the switching event occurs, it rests at mad&sC2, and
E '_ C3for a short time and then switches to mdgi2 The oppo-
z 2. & ; site is also true for the backward switching. This switch crosses
Fig. 4. Experimental results of switching delay. (a) Forward switchin%wgéls_lyggeasel\r/ee f#gﬁ;mOdes afnd .thel frequencytjudmbp Itsh ag%l'llt
(b) Backward switching (lighter bar for larger increment). : . , quency Is simply represented by the
settings. Although switching modes might exist in the adjacent
TABLE | free spectral range of the FPI, the frequency of each mode can
AMPLITUDES OF SWITCHING SIGNAL be reidentified with the aid of the time-average spectrum from
Switching Switching Signal AL () an optical spec_:trurr_1 analyzer. _ _
Type g>ig b As shown in Fig. 4, four switches are present in the
I II 111 v switching types, i.e.D3 < B2, but with different amplitudes
C2-C3 0.8 1.0 1.3 1.6 of switching signal. As the amplitude of switching signal
C1-B2 2.1 2.4 2.6 2.7 increases from 3.4 to 5.1 mA, it is obvious that there are
D3-B2 3.4 3.8 4.8 5.1 differences in switching transient between these measurements,
D2-B3 6.1 6.4 6.8 especially in the backward switching. The transient modes,

i.e.,C1, C2, andC3, degrade with increasing the amplitude of
switching signal. Obviously, this change results in shortening

Fig. 4(a) indicates the forward switching, i.e., mdg2to C3 durations of the switching transient, either in the forward

z)ng;g. 4(b) indicates the backward switching, i.e., mG&e switching or in the backward switching.
) . The mode competition behavior can be further seen clearly in
In each set, the gray bars decrease as the amplitude of |I_.he L o
2 i . : ig. 6, which is resolved from the original measurements shown
square-wave switching signal increases, i&f,. In other

words, we increase the increment while remaining Withig Fig. 5 and presented in the plots of mode power versus time

the same start and destination mode. The amplitudes of Wing switching. As shown in Fig. 6, the mode competition

e. oo . :
switching signal for the above switches are listed in Table uring switching is rather stronger in Fig. 6(a) and it becomes

. eaker and weaker from Fig. 6(a) to Fig. 6(d). As the amplitude
where current values in column | correspond the cases of t o ) ) .
. - of the switching signal increases, the duration and the strength
darkest bar in each set shown in Fig. 4. X .
of three transient modes decrease gradually, especially for mode

Itis clearly seen, in Fig. 4, fchat_ the SWItChI.ng d_elay Va1 This can be explained as follows. With the lower carrier in-
from 4 to 10 ns for the four switching types, either in the caseé”". . . .
ction in the back section, multimodes compete to lase during

. . . . . e
of forward switching or backward switching. Sometimes, t . )
forward-switching delay is longer than the backward—switchirr:]f‘é]e switching transient, as the mode losses of these modes be-

: . . come very close. With the higher carrier injection in the back
delay and sometimes the reverse; it depends on the relative go- . L .
sitions of switching points in each selected mode ection, the mode loss of the destination mode quickly becomes
. L the lowest one and, hence, it prevents the other transient modes
From Fig. 4, we can observe that the switching delay gen%r(-)m lasin
ally decreases with increasing the amplitude of the square-w. 9-

avi . o
switching signal. This feature is attributed to the mode com _?n Fig. 6, the forward switching delay decreases from 5.1 to

tition behavior of the device during the switching transient. Th ;5 ns while the backward switching delay decreases from 7.0

following section uses our detailed experimental and resolvg)d5'1 ns (ee the four bars of the swilth < B2in _F|g._ 4). 1t
results to assist in this physical interpretation. IS possible to observe that the results of the switching delays

are nearly the same for Fig. 6(c) and (d). The reason is that
the mode competition during the transient has been greatly sup-
pressed when the carrier injection exceeded the level in the case

The influence of mode competition on the speed of the wavefFig. 6(c). In addition, the power level of two switching modes
length switching for DBR lasers was first recognized by Zharig slightly lower in case Fig. 6(d). This is due to the fact that an-
et al. [11]. Unfortunately, little attention has been paid to thisther two modes, i.eD2 and B3, tend to join the switching.
influence. This is because mode competition was believed Taoerefore, it implies that optimizing switching points for the
be only related to the active section. In fact, the wavelengtlesired switch is necessary in practice.

IV. M obE COMPETITION BEHAVIOR



YU AND O'DOWD: MODE COMPETITION AND FAST WAVELENGTH SWITCHING OF SG-DBR LASER 703

i :
120 |
]
7 12 1, . C2 B B - 3.5 i
; 1m o3 ! -r_r 5 B3 ]
e ; | . -5 |
: BJ 1 I' [] ]
- : 7 ! j
gl o8 [ i | | qa]
: : | ik o
§ = ;I]E | A w |
[ . | . E
i i bR | 1
e I L H
013 oo vee i i PN e oand
&l =21 a FE] al 3
Time fral
130 1 § T v -
L | = R |
10 = o oot == o1 1
- :I | i I
:b i & E 1 ' o | ! 4
E FREY | |
8" ui.“' AL 4l 118
£ | o RN
£ ') '
L 05 ' R |
s g 1! .1 | |
= L L | [
T 04 5 Y I |
= 0.3 Do T i
T: : & &5 m 75 ] =
ey Tenim (e
P e |
£ 1m0 = = i m ]
- - r {
%- i E " | ¥ ; | 1
: ¥ os; Ry, S | &)
. - 1
S | o4 b ; I !
i,
| '\..n x I |
nz Sl =
21 E5 El
Tirraa |res]
520 13:
= i a2 :
E L o - F | ca oy 4
3 % 06} / i
i ) 5‘ : |c2 F L /
g0 "d:' !‘.]E.E- v / ¢ (d)
; £ M /e ..,
LB Boa -, T 3 |
£ A\ ol %
i B ] L E . | - |
o {lz::H i “'"-'\—-.-- it Bl e 4
Bl B3 m 75 o BE . i a5 - = % = 5
Tirme: ) T

Fig. 5. Measurements obtained by the TRS technique for different amplitudes

of the switching signal within the switching typeD3 < B2: (a) 3.4 mA, (b) Fig. 6. Resolved results showing dependence of transient mode duration
3.8 mA, (c) 4.8 mA, and (d) 5.1 mA. The presence of thenodes decreases and switching speed on switching signal for the four cases shown in Fig. 5:
with AT. (a) 3.4 mA, (b) 3.8 mA, (c) 4.8 mA, and (d) 5.1 mA.

In Fig. 6, it is also possible to observe the rising and fallinfaser varies not only in the whole tuning region, but also in
time of modeB2 increase with switching signal. This is relatedeach mode area. As the switching signal increases, the switching
to the laser feature itself. The output power level of the SG-DBpvint falling in the area of mod&2 moves toward the edge
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closest to modd33 (see Fig. 3). This results in the changes [4] P.D. Biernacki, M. Y. Frankel, M. E. Gingerich, and P. J. Matthews, “A

of the emitted power of modB2 and, hence, its rise and fall high-speed mixed digital-to-analog circuit board for accurate control of
. | . f th f h f’ g dvisabl wavelength tunable lasers for fiber-optic communicatidn’ightwave
times. In view of these facts, therefore, It Is advisable to com- Technol, vol. 17, pp. 12221228, July 1999.

bine other important criteria, such as the switching time or the[5] F. Delorme, “Widely tunable 1.5%m lasers for wavelength-division-

turn-on and the turn-off timse with the switching delay, to eval- multiplexed optical fiber communicationdEEE J. Quantum Electron.
L : vol. 34, pp. 1706-1716, Sept. 1998.
uate the overall switching speed of the device for the SysteMg) p. 3. Blumenthal, A. Carena, L. Rau, V. Curri, and S. Humphries, “All-

application [8]. optical label swapping with wavelength conversion for WDM-IP net-

The influence othermal effectss not applicable here. This works with subcarrier multiplexed addressinFEE Photon. Technol.
is b he ini d in th di Lett, vol. 11, pp. 1497-1499, Nov. 1999.
IS because the Injected current In the measurements ISCUSS% E. Zouganeli, A. F. Mlonyeni, A. Sudbo, O.-P. Rostad, and T. Olsen,

here is smaller than 10 mA, and the thermal effect is a rela-  “Wavelength routed network using widely tunable transmittersPtc.

tive slow response (a few microseconds) compared to the eveng  ECOC2000 Munich, Germany, Sept. 3-7, 2000, 10.3.4.
fth | th switchina (40 MHz). It should be noted that [8] P.J.Rigole, “Fast wavelength switching in a widely tunable GCSR laser
of the waveleng g ( ) using a pulse pre-distortion technique,”Rnoc. OFC’'97, Dallas, TX,

the power ratios of the main modes and the side modes shown Feb. 16-21, 1997, WL63, pp. 231-232.

in Fig. 6 are smaller than their real value. This is due to the[®] O. A. Lavrova, G. Rossi, and D. J. Blumenthal, *Rapid tunable trans-

. mitter with large number of ITU channels accessible in less than 5 ns,”
fact that the leakage effect of the FPI raises or reduces the real i, proc EcOC2000Munich, Germany, Sept. 3-7, 2000, 6.3.5.

power level of transmitted light at each wavelength. It is ex{10] Y. yu, S. O'Duill, N. O'Gorman, G. Mulvihill, and R. O’'Dowd, “Fast

pected to improve the resolved algorithm to reduce this error as  wavelength switching of a igh-speed 3G-DBR Jaser for dynamic wave-
. . . L ength routing,” inProc. LEOS Annu. MeetPuerto Rico, Nov. 13-16,
far as possible in order to acquire the true dynamic side-mode 20090 WV3. 9 ¢

suppression ratio. [11] L. Zhang and J. C. Cartledge, “Fast wavelength switching of three-sec-
In addition, hysteresis effects in the laser might be another 107 DBR lasers,1EEE J. Quantum Electronvol. 31, pp. 75-81, Jan.
factor that will affect the switching dynamics as well. Hysteresizlz] '

8 ) : : > M. G. Davis and R. F. O'Dowd, “Time-resolved spectral measurements
manifests itself in the laser by having memory of the lastinjecte on a multielectrode DFB laser using a Fabry—Perot interferometer,”

current [4]. Although some experimental results (not shown in__ EEE Photon. Technol. Leftvol. 6, pp. 21-23, Jan. 1994.
13] O. A. Lavrova and D. J. Blumenthal, “Detailed transfer matrix method-

this p-aper) indicate pos_sﬂgle |.nﬂuence of light hY_S|Ster¢S|S e pased dynamic model for multisection widely tunable GCSR lasérs,”
fects in the laser tested, it is still needed to further investigate to  Lightwave Technalvol. 18, pp. 1274-1283, Sept. 2000.

obtain explicit analysis. The reason is that the injected curreri4] Y. Yu and R. O'Dowd, "Fast intra-modal and inter-modal wavelength
switching of a high-speed SG-DBR laser for dynamic wavelength

state in dynamlc SWItChlng is rather CompllcatEd' routing,” Opt. Quantum Electronvol. 33, pp. 641-652, June 2001.

V. CONCLUSION

Thewave|ength Switching dynamicsofthe SG_DBR'aserhaveng"n Yu (S’00) received the B.E. and M.S. degrees from the Optical

. . . . . gineering Department of Huazhong University of Science and Technology,
been'nveSt'gatedeXpe“mema”y' Forthefirsttime,themodeco Uhan, China, in 1985 and 1988, respectively. She is currently pursuing the

petitionbehaviorunderswitchinghasbeendirectlyobservedfram.p. degree at the Optoelectronics Research Centre (ORC) at the Electrical
the measured results obtained bythe TRS technique. and Electronic Department of University College Dublin (UCD), Dublin,

. . Ireland.
Our eXpe”mental and further resolved results confirmed tha rom 1988 to 1990, she worked at Huazhong University of Science and

the mode competition plays an important role in the wavelengtbchnology, where she researched adaptive optics and optical fiber sensing
switching dynamics of SG-DBR-type tunable lasers. This btachnology. In 1991, she joined Gansu Electrical Test and Research Institute,

. - o . anzhou, China, where she concentrated on the application of optoelectronic
havior will not only affect the switching speed but also mlgrh\easurement systems and microcontrollers. Since 1998, she has been a

cause cross-talk during channel switching. For this reason, G@search Fellow with ORC.
timizations of the dynamic behavior of such devices for the
switching applications are necessary in practice.
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