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Abstract—The temporal behavior of the optical frequency modulation frequencies approaching the AM modulation limits
emitted by several DFB lasers under direct square wave mod- of the laser [2]. On the other hand, the slower thermal chirp
ulation was m_easured using an aII-fl_ber implementation of a rolls off at a modulation frequency @&10 MHz [1], which is
Mach-Zender interferometer with an imbalance of 30 ps. The . . '
impulse response of the optical frequency to injection current equivalent to a time constant of about 100 ns. However, recent
modulation was found to contain a time constant as short as experimental studies of the sequence dependence of phase-
10-20 ns, together with a few longer ones. The existence of suchinduced intensity noise in optical networks that employ direct
?Shorirtimergon'fﬁn;'tiz t‘;]%r;iiﬁatle.m Véiég na(‘: éhgfrmg ;::q,a'gsri: (‘);na modulation [3] clearly indicate the existence of significant
aar?dersﬁoﬂld%e t\gII(enlinlto considerlatign in various wide lI)Vandvgildth frequency chirp, with a time cons_tant of the Order of 20 ns.
applications of direct modulated semiconductor lasers. These recent experiments studied the effect of interferomet-
ric noise, generated at the output of the optical square-law
detector by mixing two or more delayed replicas of the data
sequence [4]. This performance-reducing noise is centered
around the beat frequency between the two interfering waves,
and therefore may be reduced by RF filtering, whenever
this beat frequency falls outside the system electrical band-

T IS WELL KNOWN [1] that direct modulation of semi- width. This behavior has been previously demonstrated using

conductor lasers is accompanied by optical frequency mdsigh-frequency phase modulation of the laser output, or,
ulation (chirp) of the output light. This chirp has two main nonequivalently, by adding a chirp-generating signal to the data-
transient [1] components. The first is an almost instantaneagrying injection current [5]. But in a recent publication
adiabatic frequency change (the so-called adiabatic chirfd] it was shown that the thermal-like chirp directly reduces
which follows the current and is associated with the effeghe interferometric noise without the need for any additional
of the injection current on the refractive index of the cavitymodulation. However, for this effect to be significant, the
Here, the laser frequency increases with the injection curreffange in frequency during each bit must be at least several
and would not change in time unless the injection curreftindreds of megahertz, requiring the relevant frequency chirp
does. The second component is a slower thermal effect, whgfge constant to be on the order of the bit length [6]. This
the temperature increase, induced by the injection curregffect was successfully demonstrated [3] for frequencies as
lowers the laser frequency. Here, the laser frequency dog@h as 622 Mb/s, implying the existence of time constants
not maintain a one-to-one correspondence with the current Biich shorter than 100 ns.
rather with the junction temperature. Thus, following a suddenTnhe thermal time constants of semiconductor lasers were
increase of the injection current, the continuously increasirﬂ)geviougy measured using a variety of experimental tech-
temperature results in a continuous exponential-like decreqlﬁﬁues [1], [7]-[15]. However, a time constant of the order
of the optical frequency (from a new higher value set by thg& 10_20 ns has never been previously reported. In some
adiabatic chirp) until thermal equilibrium is achieved. U”deéases, the time scale of interest was relatively long, and
low-frequency sinusoidal modulation of the injection currenfo measurement resolution was too low to notice a short

the resulting thermal chirp is stronger than the correspondifige constant [1], [7]-[9]. As mentioned above, studies of

adiabatic one but the latter remains effective until very higlie £p response of semiconductor lasers illustrated thermal

time constants longer than 100 ns [2]. Being interested in
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Fig. 1. Experimental setup for chirp measurements. PC: polarization controller; PZT: piezoelectric transducer. Optical and electroninsaameectio
noted by thick and thin lines, respectively.

in which the power ratio of the first side modes is related to the In order to understand the frequency discrimination of the
active region temperature. However, this method could ordgtup, the electrical field of a DFB laser of intensityt) and

be used after the first 50 ns of the response [14], resultiphbasep(t) (derived from an instantaneous optical frequency
in a 160-ns estimate. Clarkt al. [15], who measured the (¢)) is expressed by

instantaneous optical frequency to a 1-ns resolution, were the

first to point out that a single time constant could not describe E(t) = v1o(t) expljg(t)] .
the frequency chirp for the entire yis range, following = /To(®) exp [7.%/ ot dt’} @
a current step. Rather than introducing an additional time ’ o

constant, Clark opted to model the heat|_ng process by AWhen fed by the laser lighE(¢), the interferometer output
cylindrical heat wave generated from an active core of a fmqﬁ

" N . tensity is
diameter, spreading in a homogeneous medium. The resulting
expression for the transient temperature as an integral of Besdel(t) = |A1 E(t) + A2 E(t — A7)|?

functions successfully explained the obtained experimental . t o
results [15], but may not hold for time scales beyond;&0 = ‘Al Io(t) exp [JZW/ o(t') dt}

In this paper, the time-resolved optical frequency of DFB - A 9
lasers under direct modulation was measured and the existence T A p TN
of a time constant in the range of 10-20 ns was directly verified + AaVlo(t - Ar)exp [‘] 2 /_ oo u(t') dt ]
for the first time. These measurements together with the @)

experimental setup are described in Sections Il and Ill. Section
IV contains a numerical thermal analysis of a specific lasehere A; and A, depend on the coupling ratios of the two
based on Nakwaski's formulation [16], predicting a thermalouplers and on losses along the two arms of the interferome-
time constant of the order of 20 ns. This analysis indicates thiat, andAr is the propagation time mismatch between the two
the newly introduced short time constant could be of a thermaims. Whemr is chosen to be short enou¢®8+3 ps in our
origin. In Section V, a semi-empirical approach that models tloase), then for any modulation rate significantly shorter than
thermal chirp of a semiconductor laser as a sum of expone&® GHz (=~ (A7)™!), Io(t) ~ Io(t — A7) can be assumed,
tials was proposed, having time constants ranging from tensasfd (2) reduces to
nanoseconds to many microseconds. The proposed approach t
uses a set of experimentally obtained chirp parameters to Loy (t) =5 - Io(t) [1 +V - cos <27r/ (") dt’)}

t

predict the exact optical frequency characteristics for any —AT

modulation sequence, from the nanosecond to the millisecond =5 Io(t)[1+V - cos(2n AT (1))] 3
range. Using the suggested model and experimental technique, (t) :i ’ o(t)dt
interferometric noise reduction capabilities of a specific laser ™ AT i st

can be calculated with no knowledge of its exact structural or, . . : .
: . . . wthere S is a scaling factor and/ is the interferometer
thermal properties. Finally, Section VI discusses the effect of . .- . .
: : L visibility, which can be optimized through the use of the
a short time constant on various applications. T . .
polarization controller. Again, for modulation rates much
shorter than(A7)~1, v,,,(¢) ~ v(¢). When the induced fre-
quency deviations are also much smaller thaxr)—! and
Il. EXPERIMENT the interferometer is set at quadrature by the PZT phase
The temporal response of the optical frequency of fiv@odulator and its associated circuitry, the ac response of the
different DFB lasers under direct current modulation wagterferometer under current modulation of the laser becomes
measured using an all-fiber Mach-Zehnder interferometer, 1 Low(t)
serving as a frequency discriminator (Fig. 1). While simila{‘)“t(t) =5V Lo(H) AT (t) — vm(t) = SV Io(t)
schemes have been built before [7], [17]-[19], this is the first
all-fiber implementation having a temporal resolution of 30 ps Once S, V, and Iy(¢) are experimentally determined, the

[10], [20]-[21]. frequency changes induced Wy(¢) can be directly deduced
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" 0 to a sudden (step) change of the injection current. The obtained
—f——»—a\ “ temperature response for the specific GaAs laser studied in [1]

[ RN N S RPN G TR Y

A

‘ \ _— R is described in terms of three time constants: the fastest (600
[(\ Laser Power [a.u.]
1! NP Optical Frequency Changes [GHz] ‘/ the submount and heatsink, respectively. The model does not
| S Time [nsec] | include time constants shorter than 600 ns. Experimentally, Ito
: » P o0 [T "0 €tal.[1] measured the step response of the optical frequency,
, L While the numerical results of [1] show, in general, excellent
[GHZ] T agreement with the experiment, some deviations exist at the
Fig. 2. Induced frequency changes in response to a 20 mA (p.t.p.) square . . L.
wave modulation as a function of time for DFB laser #1. The optical power |§Crease is larger than predicted. These deviations can be
that Itoet al. [1] have treated the active layer merely as a heat
from Iou:(t) using (4). The evaluation of (4) is much easiePOurce, having no thermal capacitance.

ns) is that of the chip while the rest (28, 2.3 ms) are those of
LI e
\ o which is proportional to the temperature of the active layer.
first 200 ns of the pulse, where the experimental temperature
also shown. Note that no transient chirp is observed for the given modulatigorrected by introducing a short time constant. Note, though,
when square wave modulation is employed since only twoBOth the thermal capacitance and thermal conductivity of

values ofIy(t) need to be measured. the active layer were taken into consideration in the analysis
performed by Nakwaski, who presented [16] a simplified
ll. EXPERIMENTAL RESULTS analytical expression for the two-dimensional (2-D) (parallel to

the emitting surface) temperature transient of a stripe geometry

~ Atypical time evolution of the induced frequency changegqople heterostructure laser. The author assumed a standard
in @ 1.3:m p-side-up buried heterostructure (BH) DFB lasel ctyre, with a GaAs active stripe in between N-(AIGa)As
in response to a square wave direct modulation is shown iy p_(aiGa)As passive layers. Heat exchange through the
Fig. 2, together with the optical powdj(#). The modulation gjge and top walls of the chip is considered negligible in

index was smaller than unity so both the “1” and 0" bitg.gmnarison with the flow to the infinite heatsink. The main

represent nonzero optical powers. The frequency jumps at e source in the laser chip is the nonradiative recombination

rise and fall times of the square wave are due to the adiabaligy radiation reabsorption in the active region, which increases
chirp and a value ot = 260 MHz/mA was experimentally |inaarly with current density. For the considered structure,
determined for the tested laser. At the power rise, the opticq), ;e heating of the various layers can also be neglected. When

frequency jumps to a new value and then slowly decays as the,,irent pulse is short enough, the temperature profile of the

junction heats up. Following the downward jump at the “17 e region is not affected by the thermal properties of remote

— "0” transition, the frequency rises as the junction cools. |avars For the structure considered in [16], this assumption
. The observed exponential-like behavpr _clearly |nd|catq,§)|ds for pulses shorter than 0;f. The current density is
time constants of the order of 20 ns. Similar results Welt < imed to be laterally confined to the stripe width.
measured for four other 1om DFB lasers. All the exper- e ahove assumptions were used in [16] to solve the 2-D
imental results will be presented in Section V in terms of 0Wyq ¢ conduction equation and analytically calculate the temper-
proposed model. ature step response of the active region. The equation is solved
using a space transformation, replacing the heterostructure
IV.  THEORETICAL ANALYSIS of the active stripe and the adjacent layers by a thermally
In this section it is shown that when the thermal propertiesjuivalent (AlGa)As homostructure. The solution is further
of the active region itself are taken into consideration, implified by using the thermal conductivity of (AlGa)As
thermal analysis of a specific semiconductor laser structume the entire structure. This substitution results in growing
qualitatively accounts for such a short thermal time constainficcuracies as we move away from the active region and
as found in Section Ill. A modern semiconductor laser is far long current pulses. However, it has little effect on the
multilayered structure, sitting on a heat sink. The electriceemperature profile of the active region at the first p5of
current, which flows from the P-side to the N-side, creatdége pulse.
population inversion in the central active layer, resulting in Using [16, eq. (51)], the development of the temperature
radiative (light) as well as in nonradiative (heat) recombinger unit heat power density as a function of time at the center
tions of electrons and holes. This generated heat increasesah#éhe active region following a current step was calculated.
temperature of the active layer, and the wavelength of tResults for a time span of 0—150 ns are presented in Fig. 3. The
emitted light, being determined by both the physical size geometrical structure parameters and thermal conductivities of
the laser cavity and its refractive index, is thus altered. Quitiee various layers were taken from [16], and the value for the
often quoted is the detailed analytical study of étoal. [1] of thermal diffusivity, not mentioned in [16], was taken from [1].
the temperature step response of multilayered semiconductofhe results of Fig. 3 clearly indicate the existence of a
lasers. Using a three-dimensional (3-D) analysis of heat fldimne constant far shorter than 100 ns, thereby theoretically
in the chip, submount, and heat sink, as well as the fudbrroborating our experimental results of Section Ill. This
structural details and thermal properties of the various layegeneral agreement with experiment, however, is by no means
the analysis predicts the thermal response of the active regmproof of the thermal origin of the short time constant. In the
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500 Both a,, and 7,, can be determined if the laser structure
= and the thermal characteristics of its constituent layers are
%L 400 known in detail. Alternatively, they can be estimated from a
g set of measurements, to be described below. Qnger,,,n =
%{ 300 1,---, N} are known, the effect of a given input current can
& then be calculated through a convolution of (5) with the input
?g 200 waveform. For very high bit-rate inputs, having a bit length
g much shorter tham; [the shortest time constant in (5)], all
© 100 terms withn > 1 can be ignored. As the bit rate slows down,
E more and more terms are required for an accurate estimation

(@]

of the effect of the input current on the temperature of the
active layer.

While the temperature of the active layer cannot be mea-
Sired directly, its temporal behavior can be deduced from the
dynamics of the laser optical frequeney composed of the
adiabatic and thermal chirp contributions. While the adiabatic
next section, a semi-empirical model of the frequency chitgyy s proportional to the temporal injected current, the
will be developed, in terms of a simplified one-dimensionghermal chirp follows the junction instantaneous temperature,
(1-D) thermal analysis. The impulse response to be obtau@ﬂich, in turn, could be given by a convolution of the

fro.m this model can be useq .to describg the opticgl frequenr‘f%dulating current sequence and the experimentally obtained
chirp, regardless of the specific mechanism producing the shl%r]bulse response. Therefore, an increasét) ~ i(t) — io in

time constant. the injection current will lead to a frequency change of the
form

160

Tire (nsec)

Fig. 3. Theoretical calculations of the active region temperature change
a stripe double heterostructer laser during a short current pulse.

V. ANALYTICAL SEMI-EMPIRICAL MODEL

The exact magnitude of the thermal chirp of the laser can be u(t) = vo = Ba(#(t) — io) — Br(Tia — To)
obtained from a detailed calculation of the temperature distri- =B, (i(t) — io)
bution in the chip, taking into account all the relevant thermal — By - convolution[hy (%), (i(t) — io)]  (6)
constants of the various layers of the laser [1], [16], [22].
However, this formulation is too complicated to be used for

the prediction of laser chirp or its noise reduction capabilitie\év.here both B4 and By are positive constants, describing,

Moreover, detailed knowledge, not normally available, of threespectively, the cqefficients _Of adiabatic and thermal chirps.
eTo check the validity of this model, the frequency change

exact different layer parameters is required. To alleviate thes . .
problems, a semi-empirical 1-D model, which expresses tRIPN one bit when the laser is square wave modulated at

step response of the thermal chirp of a DFB laser as a Slgllﬁerent bit rates is highlighted.. Such a measure of the chirp
of a few exponentials, is developed here. Such an approagtnot affected by the adiabatic contribution. The thermally

has been used before to describe the thermal step respdigeced optical frequency dynamics are obtained by a convo-
of the active region in terms of several time constants [liption of the impulse response of (5) with a modulating square
[7]-[14], [23], only one of which is associated with the chipvave, as expressed in (6). The resulting frequency change
itself. Innovatively, we claim that the thermal step response afong a single bit would be

the chip should be described by more than one time constant,

with the shorter one of the order of 20 ns or less. A » (tg) = — A (to)

The thermal model assumes that through nonradiative tran- N
sitions, the injected current heats the active layer, which then = By I, Z a7y, - tanh <_t_0> 7)
feeds its heat to a constant temperature heatsink via a number ot Tn

of passive layers. The temporal behavior of this thermal model

is governed by a linear differential equation of tieh order where I, is the amplitude of the current modulation. By

(where IV is the number of layers excluding the heatsinkineasuring and plottingv« » (to) versusty, one can determine

therefore, the temperature response of the active layer teha variousr, and their corresponding coefficientsy - a,,.

current impulse is a weighted sum 8f exponents{4 is the  Experimental results for a wide range of bit lengths (5 ns to 50

temperature of the active layer before the current impulseﬂg) are shown in Fig. 4 for the same DFB laser mentioned in

applied, as well as after its effect has decayed) Fig. 2. It should be noted thakv«» (ty) was experimentally

found to depend linearly oiy, thereby substantiating one of

our basic assumptions.

N . Fitting the experimental results to (7) witki = 4 produces

= Gy + €XP <——>, << - <1,. (5) excellent results, as shown in Fig. 4, and proves the existence
n=1 y of four time constantsy; = 16.8 nS, 7» = 366 nS, 73 =

hT(t) = TA(t) - TA| current

impulse
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TABLE |
SUMMARY OF EXPERIMENTALLY FIT PARAMETERS FOR THE THERMAL RESPONSE OFFIVE
TesTED DFB LASERS FIRST Two TIME CONSTANTS AND RESPECTIVE COEFFICIENTS

Lowest modulation

Laser frequency [Mb/s] _Wavelength [nm] n [ns] ™2 [ns] Vinax (1) 1608 Vinax(72) 1858
#1 p-up BH 0.05 1300 16.8 £ 10% 366 £ 10% 2.5+ 6% 3.44+6%
#2 p-up BH 2 1550 204+ 15% > 100+ 25% 1.8 +£15% > 4.8 +£20%
#3 MQW 2 1547 11+ 15% > 110+ 25% 1.4+ 15% >4+ 20%
#4 p-down BH 4 1558 19+ 15% > 220+ 25% 1.2 +£15% >1.14+20%
#5 p-up BH 1 1537 18+ 15% > 190 +25% 3+15% >1+20%

cutoff by the highpass nature of the electronic driver circuitry
of the laser. The lowest modulation rates applied were 2 Mb/s
(laser #2), 2 Mb/s (laser #3), 4 Mb/s (laser #4), and 1 Mb/s
(laser #5). Thus, no information about time constants above
200 ns could be obtained and the accuracy of the longer time
constant was not as high as for laser #1.

. The same approach was also used to characterize the the-

2 I3 4 l5 16 . . . .
10 10 10 10 10 oretical curve of Fig. 3. Using only two time constants, we
Bt lergth () obtain

o

T 1 T 1T 1 T

@

i

(Iv)

Frequency change (GHz)
jee]

0
1

Fig. 4. Thermal frequency changes along onelAit--| of laser #1 under deg t[n
square wave direct modulation as a function of bit leng#h). represents =92|1 —exp| —
experimental results and the different curves are the result of an exponential W/cm? 8.5

fit using various combinations of the time constants— 74. (I): 71 only; t[nse¢

(I): 7 ando; (): 71,72 and 73; (IV): 72,73 and 74; (V): 11—74. Peak + 670 {1 — exp <_ )} (9)

to peak current amplitude was 10 mA. 170

with an average error of only 1%. Curve-fitting with a time

4.1 pS, 7y = 20 uS and an expression fakws,» (to) constant longer than 50 ns results in errors exceeding 10%.

A (t) GHz These results further substantiate the claim that the observed
) 10 mA herimal short time constant in the measured optical chirp is of thermal
to origin.
=25 -tanh | —————
2 x16.8nS
to VI. DISCUSSION
+ 3.4 -tanh | ————— . . .
2 x 366 nS As previously mentioned, the short time constant reported
to here could be due to the nonzero thermal capacitance and finite
+9-tanh <—m> conductivity of the active region of the laser [15], heated by
. the nonradiative processes. Since laser FM is controlled by
+09-tanh [———2 ). (8) quite a few physical mechanisms, it may well be the case
2 % 20000 nS

that some other mechanism such as diffusion of carriers away
Fig. 4 also shows the predicted dependenca®f » (to) on from the active region could also contribute to the gradual
to when only partial sums of (8) are used. Evidently, if onlglecrease of the optical frequency following the rise time of the
very high bit rateqto < 71) are of interest, approximating thecurrent pulse [24]. While the diffusion of carriers must also
impulse response by its first term may prove sufficient (as introduce optical intensity changes with similar time constants,
[3]). As tq increases, more and more terms are required for ao far undetected, one should note that the observed frequency
accurate description of the thermal chirp of the laser. On tehanges are of the order ab—* of the central frequency.
other hand, the 16.8-nS time constant is of no importanceliftensity changes of the same order would be very difficult to
attention is limited forty > 100 ns (as in [1]). Also, the 2Q:s determine experimentally.
time constant most probably describes the thermal role of theAs can be seen from Table |, the value of the shortest
submount [1]. time constant obtained for the MQW laser is considerably
Similar results were obtained when the same model wsBorter than those of the four tested BH devices, which display
applied to four additional lasers in the 1B range. The very little diversity. These results suggest that the value of
time constants that were found are summarized in Tablghle shortest time constant apparently depends on the detailed
along with the respective frequency changes. One of the lasatsicture of the diode in the vicinity of the active region.
having relatively low power output, required the use of aAssuming a thermal mechanism, the time constant would be
optical amplifier before the interferometer. Another laser waslated to the thermal capacitance of the active region and
tested with and without an amplifier, in order to make sure tlilee conduction of heat to the adjacent layers, where a shorter
amplifier does not affect the obtained results. The modulatitime constant corresponds to a smaller capacitance and a
rates used in the last four lasers were limited at the lowkigher conductivity. On the other hand, all the experimentally
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measured short constants are of the same order of magnitieect structure of the laser and range from tens of nanoseconds
and therefore, a complete physical understanding of the efféztmany microseconds. The number of time constants needed
and its dependence on the laser fine structure requires furtfter a particular application depend on the time range and

research.

resolution of the measurements. A model comprising four time

The practical importance of the short time constants t®nstants produced an excellent fit to the measured optical
application-dependent, as proposed by Fig. 4. Following drequency deviations of a directly modulated DFB laser along

some examples.

the

modulating bit, for bits ranging in length from a few

1) Unwanted FM in direct communication systentéere nanoseconds and up to 1@@. Only two time constants are
the FM broadens the linewidth. Looking back at (8) antequired when the range of bit lengths is limited tad The

Fig. 4, we see that thermal FM is mainly contributed bgxistence of such a short time constant should be important
those terms with relatively long time constants. Indeedl) various wide bandwidth applications of semiconductor
the thermal contribution to the FM response above 1@sers, especially in the suppression of interferometric noise
MHz, i.e., the first term in (8), is overshadowed byn modern fiber optic networks.

2)

3)

4)

5)

6)

the adiabatic contribution and would hardly be detected.
Thus, the time constants of importance for these appli-
cations are of the order of a few hundred nanosecondsy
FM of directly modulated lasers in coherent commu-
nication systemsThis FM is beneficial in frequency-
shift-keying systems, where efforts were made to flatten
the FM response [1]-{2], [19], [25]-[27]. Again, sig-
nificant contributions to thermal chirp are characterized”!
by relatively long time constants of the same order of
magnitude as above. (4]
Optical frequency-domain reflectometer (OFDR) [8],
[28]: A ramp waveform drives the laser to ideally
produce a linear sweep of the optical frequency. Thé")
unavoidable thermal chirp introduces nonlinearities,
which have to be compensated for. The related literaturgs]
guotes time constants in the microsecond range.

In wavelength switching of DFB and DBR lasers for
WDM systems [10], [29], the reported time constants[7]
exceed a few hundred nanoseconds.

Laser frequency stabilization [12\When locking lasers [g]
to reference frequencies, dynamic control of the laser
frequency can be achieved via thermal frequency modu-
lation of the laser. Time constants of.i3 were reported [9]
[12] and when modulating the injection current at IOV\t N
frequency, the thermal chirp may introduce a phase sh %t
in the control circuitry.

In combating interferometric noise in communicatioftl]
systems, having an RF bandwidth of a few gigahertg.o]
the first term in (8) is important enough to significantly
reduce the overall system noise [6]. Nevertheless, sh([)fg
time constants should be taken into considerations in all
applications when the time resolution is in the nsec ran%edr]
and frequency deviations of a few GHz are important.

[15]

VII. CONCLUSIONS

The optical frequency chirp of DFB lasers and other semi-
conductor narrow-linewidth emitters can be described by (3p]
multitude of time constants. For the DFB lasers tested heyegz
the shortest time constant was 11 ns and is possibly due the

thermal response of the very thin active region to nonradi

heating processes. The complete dynamic behavior of these
lasers can be modeled by an impulse response, which is
the sum of several exponents, each having a different tirhlgl
constant. The values of these time constants depend on the Quantum Electron.vol. 30, pp. 2485-2490, Nov. 1994.
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