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Analysis of Optical-Injected Distributed Feedback
Lasers Using Complex Optical Low-Coherence
Reflectometry

Carlos Palavicini, Gabriel Campuzano, Bruno Thedrez, Yves Jaouén, and Philippe (Gdior Member, IEEE

Abstract—A theoretical and experimental investigation of ML SL
reflectograms obtained for a distributed feedback (DFB) semi-
conductor laser using a phase-controlled high-resolution optical
low-coherence reflectometer was carried out, yielding the effective M2
group refractive index and its variation above threshold, the ASNANN
cavity internal loss, as well as the grating coupling factor of a BD M1
multiquantum-well DFB laser. In addition, direct measurements of /N :@:a
the injection-induced complex-modal index changes are presented
for the first time. S -

Index Terms—DPistributed feedback (DFB) lasers, linewidth en- |

hancement factor, optical injection, optical low-coherence reflec- - et
tometry (OLCR).

Fig. 1. Simplified scheme of the OLCR setup for measuring the reflectogram
of a DFB laser [slave laser (SL)] optically injected by a master laser (ML).

I. INTRODUCTION
PTICAL low-coherence reflectometry (OLCR) has
proven to be a successful technique to determine spa-

tially and spectrally resolved parameters in passive op_tical-rhe experimental setup shown in Fig. 1 represents the OLCR
devices [1]. More recently, OLCR simulations for activgsed to measure an externally optical-injected DFB laser (SL).
photonic devices have been proposed [2] and encouragifige OLCR is a scanning Michelson interferometer illuminated
novel measurements have been reported [3]. The complex §-a proad-band source (BBS) with the device under test at
flectivity of the device under test can be measured by precisg)e arm. The spontaneous emission of &t Etoped fiber am-
controlling the optical path difference between the two arms gfifier is used as the BBS. The reflectometric signal detected
the interferometer, thus, enabling exact determination of spatiglthe Jow-noise p-i-n field-effect transistor balanced photode-
phase shifts and spectral characteristics such as chromgdigor (BD) corresponds to the generated interference fringe
dispersion, group delay, and gain properties. _pattern. Interferences only occur where this difference is less
The OLCR technique is proposed here to fully characteriggan the BBS coherence length. The corresponding spatial res-
active devices under operation. External optical injection g\ytion is Al = 18 xm in air. In order to track the reference
these devices |S important for new a||-0ptica| fUnICtions Sl:ICh ﬁﬁrror (Ml) disp|acement, and hence, the Scanning position, a
remote generation and control of RF signals using distributggherent interferometer signal is used as a zero-crossing clock
feedback (DFB) lasers, 3R regeneration, multiwavelengiiowing to sample the OLCR data at uniform spatial intervals
conversion in semiconductor optical amplifiers, and high-spegd it is recorded in a computer (PC). The 632.8-nm He—Ne
dispersion compensation. It is interesting then to explore ng§&er wavelength of the coherent interferometer determines a
and direct characterization techniques of optical injectiogyg 4-nm sampling period. All measurements were performed
effects. After a theoretical and experimental investigation gfith a scanning distance slightly longer than the optical length
reflectograms obtained for a DFB semiconductor laser withogf the laser cavity. To reduce noise in each reflectogram, four

injection, optically induced gain and index changes by injectiogsts of measured data were averaged giving an excellent resolu-
locking are measured and discussed for the first time. AMoRgn due to the precise control of the motor position.

other results, it is shown that the linewidth enhancement factorrhe semiconductor lasers used on these experiments are
can be directly deduced from the OLCR measurements.  1550-nm Alcatel index-coupled multiquantum-well DFB
(MQW-DFB) lasers. Their structure, shown in the insert of
, . , Fig. 2, consists of a straight section containing the Bragg grating
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following the method in [6], the equivalent reflectivity 0 05 Seanning Position —m 2 25
Teqv(w) as viewed from the fiber—air interface was cal-

Cumted_mducjmg the facet and section reflectivities. Thlgg. 3. (a) Measured and (b) calculated amplitude reflectograms of the
reflectivity Teqv(w) and the OLCR reflectogranﬂeqv(f) free-running laser biased above threshold and their corresponding (c) measured
of the device form nearly a Fourier-transform pair given bgnd (d) calculated phase reflectograms.

Reqv(1) = R{STZ S(w)Teqy (w)e? ™" dw}, whereS(w) is the

power spectral density of the BBS andis the interferom- observed and itis measured to be 6 dB/mm for a biasing current
eter delay. This delay is associated to the scanning positioih0 mA. This corresponds to a loss coefficient of 40Tm

Zopy = T - ¢ USed to obtain the spatially distributed reflectivity The amplitude and phase reflectograms obtained for a free-
of the deviceR....(zopt). A Hilbert transform is applied to the running laser biased just above threshold are shown in Fig. 3.
measured OLCR data to obtain the complex envelope. ThisTike difference between two consecutive minima (m1 and m2)
possible because the OLCR data is sampled at constant spadikhown as the beat lengtlh 5 ) and can be used to calculate the
intervals, thus, providing exact localization of reflections insidesfractive index modulation of the gratin§n,_, = A\o/2Lg

the laser structure. [7], whereAn,_, is the peak to peak value and is the emis-

The reflectograms depicted in Fig. 2 represent the measusidn wavelength. The origin of the beat length is the existence
and calculated OLCR data for the free-running laser biasedadtcounterpropagating waves in a medium with an index dif-
0 mA. The fiber and front facet reflection peaks can be clearfgrence. This was confirmed by numerically investigating the
identified and are separated by jf. The tapered and gratingbeat length obtained for different values of the grating coupling
sections of the laser are distinguished and their optical lendg#ittorx = wAn,_,/2X [Fig. 3(b)]. A beat length of 365xm
is measured to be 452.25 and 1155.r8, respectively. These was measured from the OLCR data [Fig. 3(a)], yielding a cou-
values were corroborated on four sets of averaged data, thul)g factorx = 21 cm™! very closely to thes = 20 cm™!
confirming the accuracy of the measurement. The effectivalue provided by the stopband width measurement. The phase
group refractive index is obtained-8.35) as the ratio of the reflectograms, shown in Fig. 3(c) and (d), may be used to ob-
total optical lengthL,, of the device and the physical lengthtain the complex coupling factar in the case of gain-coupled
Lony. The slope2a of the reflectogram in the grating sectionlasers.
is due to absorption losses of the injected light in the unbiasedWhen an external optical injection is applied to a semi-
active section. The corresponding reflectogram was calculatszhductor laser, the complex refractive index undergoes a
for several values of the cavity loss [Fig. 2(b)]. It was found thahange inducing a variation of the emission frequency [8]. The
in the grating section, the loss is nearly equal to half the slopmaginary part variatiom\n” = (A\y/27) - Ag is described by
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Fig. 2. (a) Measured and (b) calculated amplitude reflectogram of tl £ 4
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010 000 _ mined by the structure and operating conditions of the laser. As
3 o5 Z aconsequence, only the BBS wavelengths around the emission
I -0.055 g wavelength), are reflected from the SL back into the OLCR
g’ 014 = setup, thus, minimizing the uncertainty on tag estimation.
© 005 &
ERUE & IV. CONCLUSION
2o | 0% % It has been shown that the OLCR technique is a versatile
2 £ method for determining active device parameters such as the
g on - 004 % Jinewidth enhancement factor or the grating coupling coeffi-
g cient otherwise accessible only by measurements coming from
0.1 : ! -0.035 separate optical setups. For a DFB laser, theory and experi-

40

Tnjection Rate - dB ments were reconciled yielding realistic values of the cavity

loss, group refractive index, and grating coupling factor. More
Fig. 4. Complex index changes due to optical injection for different injectioomportantly, the OLCR measurements provided direct access
rates. to modal parameters, simultaneously including effects from the

material, waveguide, spatial hole burning, etc., with appropriate

a net gain changé\g that is different from the cavity Iosses.r_nOdal distribution averaging. Particularly, prec_ise determ_ina-
The linewidth enhancement factag;, describing the coupling tion of the complex-modal index changes permitted an estima-

between the real and imaginary parts of the carrier-dependiff of the linewidth enhancement factor.

refractive index changes, is simply defined by the ratio of their
partial derivatives with respect to carrier density. Assuming
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the real refractive indedn’ = —agAn’”.
Direct analysis of the OLCR measurements permits the de-
termination of both, the real and imaginary parts of the refrac-
tive index changes due to external optical injection of a DFB
laser, thus, yielding the linewidth enhancement faetgr The
injection conditions imposed to the SL by the ML are chosen
S0 as to ensure operation in a locked state. This means that
locked oscillations at the ML frequency overcome amplification [2]
of spontaneous emission at the free-running frequency. The ef-
fect of external injection on the OLCR results manifests in two
ways. On the one hand, an optical length chandg, is ob-
served, thus, providing a mean to obtain the optically induced
modification of the real refractive indeXn’ = AL,/ Lppy-
On the other hand, the logarithmic difference between the in-4
jected and free-running laser reflectograms determines the in-
jection-induced net gain changgy in decibels [9]. The imag-
inary part of the refractive index change is then straightfor-
wardly obtained for the emission wavelength Fig. 4 repre-  [5]
sents the measured variation of the complex refractive index as
a function of the injection rate for a small frequency detuning [6
(~500 MHz). A mean linewidth enhancement factgy = 2.86
is obtained in full agreement with measurements made with g7]
Mach—Zehnder interferometer technique based on small signal
modulation [10]. For the theoretical calculation of the reflec- (8]
togram, the reflectivity of the front facet was substituted with
the equivalent facet reflectivity to include the optical injection
conditions [11]. This induced a change of the net gain and of®!
the optical length in the cavity, assuring a correspondence with
experimental conditions. [10]
The significance of theay-parameter estimation may
be questioned because it is well known that it has[n]
a high dispersion [12]. Theay parameter obtained
corresponds to an averaged effective value given by
QH meas 1/Aw fj;o ag(w)S(w)reqy(w)dw, where 2]
the productS(w)reqv(w) can be considered as the linear
response of a narrow-band filter withZsw bandwidth deter-

(1]

(3]

taries on the experimental results.
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