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Abstract—In this paper, we describe generation and application
of wide, narrow linewidth optical frequency combs using dud
mode injection-locking of InP quantum-dash mode-locked laers.
In the first part, the dependence of the RF locking-range on te
device's absorber voltage is experimentally investigatedUnder
optimized absorber voltage, a continuous, wide RF lockingange
of ~400 MHz is achievable for lasers with 21 GHz repetition rate.
The total RF locking-range of ~440 MHz is possible considering
of locking-range for positive and negative absorber voltags. This
wide tuning >2% of the repetition rate, a record for a monolithic
mode-locked laser, is reported from a two-section device wiout
any additional passive section or extended-cavity for reg#ion
rate tuning. It is shown that the effective RF locking-rangein
dual-mode injection corresponds to the optical locking-rage and
repetition rate tuning under CW injection which is wider when
the free-running mode-locking operation is “less stable”. The
widest comb consists of 35 narrow lines within 10 dB of the
peak, spanning~ 0.7 THz, generating 3.7 ps pulses. In the
second part, we show the first demonstration of multi pump
phase-synchronization of two 10 Gb/s DPSK channels in a phas
sensitive amplifier using dual-mode injection-locking tebnique.
The phase-sensitive amplifier based on “black box” scheme sivs
more than 7 dB phase-sensitive gain and error free performace
for both input channels with 1 dB penalty.

Index Terms—Mode-locked lasers, optical-injection-locking,
optical frequency combs, quantum-dash lasers, and phase-
sensitive amplifiers.

. INTRODUCTION

communication systems such as multi-carrier transmissjen
tems in orthogonal frequency division multiplexing (OFDM)
[1], coherent wavelength division multiplexing (CoWDM)
[2], arbitrary waveform generation [3], [4], all opticalgsial
processing [5], and millimeter-wave generation [6]. A n&nb
of techniques have been proposed for the generation of OFCs
such as using cascaded intensity and/or phase modulajprs [7
[8], fibre or semiconductor based ring-cavity mode-locked
lasers [9], [10], direct modulation of gain-switched dester
mode lasers [11], and semiconductor mode-locked lasets [12
Despite the fact that OFCs from semiconductor mode-
locked lasers have inherently wide spectral width comparin
the other OFC generation techniques, several performance
limiting factors reduce their suitability for this purpodérst,
the timing jitter of passively mode-locked lasers (an iatiien
of coherence among comb lines) is not usually adequate, so an
stabilization technique is required. Hybrid/active mddeking
could be used to synchronize the repetition rate of the laser
to that of the external RF source. However, the RF locking-
range is usually limited to few tens of MHz unless a specially
designed RF circuit is utilized along with a complex multi-
section cavity structure for wide tuning of the repetitiGter
[13]-[15]. Such developments have produced locking-range
of 500 MHz for hybrid [14] and 1.8 GHz for actively mode-
locked lasers at 40 GHz [15]. Increasing the RF locking-eang
beyond the cleaving error of the device, is highly desirdble
compensate any process related error between the repetitio

Wate of the device and the pre-defined frequency of the system

optical linewidths have various applications in OptiCai’his makes the use of mode-locked laser based OFC suitable
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for applications based on pre-defined clock frequency.

The second limiting factor is that the optical linewidth of
individual lines of a mode-locked laser can be largd @-100
MHz) while sub MHz to few MHz is desirable in applications
such as phase-encoded modulation formats. It is important t
note that neither hybrid nor active mode-locking techngue
influence the individual line’s frequency noise. Therefome
technique leading to noise reduction of the mutual and indi-
vidual OFC lines from mode-locked laser is highly desirable
to generate high quality OFCs with narrow optical linewglth
and small RF beating noise.

Injection-locking of two coherent CW lines (dual-mode
injection) can be used to synchronize two independent OFCs
from mode-locked lasers [16]. Carrier modulation due to
beating of the two injected lines gives control over the



repetition rate and timing jitter of the slave laser unlike:—CWIniectionl J_

CW injection-locking of a mode-locked laser. This scenarid External Cavity

could be simplified by generating the dual-modes from a: asce he Lce"sed Fibre=Ga'in SX =
amplitude modulated CW line rather than a stabilized modu___*___l' 1R 0e=170
locked laser in [16]. A narrow-linewidth CW source genesate ¥ QDML Source

OSA

two sidebands with narrow optical linewidth after ampliud :DuaI-Mode Injection’
modulation, which are then used for injection-locking of g
mode-locked laser to generate OFCs with narrow optici|
linewidth and low RF beating noise. This is an importan, ; Wit W Dz ESA
advantage over hybrid/active mode-locking techniques. | | e

In this paper, we demonstrate generation of narrow
linewidth OFCs with wide RF locking-range and few p%ig. 1. The schematic of experimental arrangement used Wéra@d Dual-

pulse-width using dual-mode injection of two-section 21 Z25HMode injection-locking. The definition of abbreviationsedsPC: Polarization
controller, MZM: Mach-Zehnder Modulator, Att. Variable @gal Attenuator,

quant_um'daSh mode-locked Iasgrs (QDMLS)' It is ShOV\ﬂb: Photodetector, SA: Saturable-Absorber, 1SO: Freeesmsator, OSA:
experimentally that the RF locking-range under dual-modmtical Spectrum Analyzer, ESA: Electrical Spectrum Amaly AC: Auto-

injection is correlated with the repetition rate tuning angprelator, Amp.: Amplifier, QDML: Quantum Dash Mode-Lockeaser.
optical locking-range under CW injection-locking. Lesalde
mode-locked operation at free-running leads to wider aptic
locking-range and repetition rate tuning under CW injactiocGHz and RF amplifier (0.1-18 GHz). The Port 3 output of
and greater RF locking-range under dual-mode injection. the circulator was then used for measurement of the pulse-
wide RF locking-range of 400 MHz is reported for fixedvidth using a background-free second harmonic generation
bias parameters by adjusting the master laser's wavelengtiocorrelator. The master laser was a commercial singléem
and frequency of driving RF source within the locking-rang@xternal-cavity tunable laser (NewFocus, model: 6328hwit
This brings the total possible RF locking-range to more tha&ptical linewidth<1 MHz. As depicted in Fig. 1, two cases
440 MHz by varying the bias parameters without any passiwere considered for the analysis of optical injection. Case
section for extra tuning of the repetition rate. To the bésiw was CW injection, where the master laser's CW output was
knowledge, this is the highest tuning ratieZ.1%) obtained used for optical injection. Case 2 was dual-mode injection,
from a monolithic mode-locked laser. In the second part #there the light from the master laser passed through a Mach-
the paper, we introduce a novel application of OFCs gengra#&ehnder modulator driven by an RF source and DC biased
with this technique in multi-channel phase-sensitive afieps 10 generate two coherent CW side-bands and suppress the
(PSAs). For the first time, two lines of the OFC are utilized a¥iginal master laser mode. The spacing of the side-bands wa
local pump source for a PSA having two coherent 10.374 GHice the frequency of the RF source as shown in Fig. 1. The
WDM channels at 41.496 GHz spacing as the input. Usirptical linewidth of the longitudinal modes of the slaveelas
this technique the phase synchronization of pumps for bot@s measured using heterodyne detection with anothenmarro
channels is derived from a single injection-locking staffee linewidth tunable laser source.
dual-modes were two coherent carriers generated through fo The two InP QDMLs used were both two-section devices
wave mixing (FWM) of a local pump and two DPSK channelsyith an active layer comprising 9 InAs dash monolayers grown
forming the carrier extraction stage of the “black box” PSAby gas source MBE embedded within two barriers and separate
More than 7 dB gain swing and error free performance f@onfinement heterostructure (SCH) layers (dash in a barrier
both channels with 1 dB penalty is demonstrated at the outiitucture). Both the barriers and SCH layers consisted of
of the PSA. Ino.eGap 2ASy.4Po 6 quaternary materials with, = 1.17 ym
[17]. Total cavity length of each device was 203ftnh with
absorber lengths of 140m (length ratio~ 6.9%) and 19Q:m
(length ratior~ 9.4%). The absorber and gain sections were
isolated by a resistancel0 k2. The QDMLs were mounted
The experimental arrangement for injection-locking wags-side up on AIN submounts and copper blocks with active
a master-slave configuration where only the light from themperature control and electrical contacts formed by -wire
master was unidirectionally injected to the slave laser. Amnding. From now on, we call the laser with longer ab-
shown in Fig. 1, light from the master source passed througlsarber “D,” and the device with shorter absorber ab,".
variable optical attenuator, a coupler (with a tap for moity Both devices operated in saturable-absorber dominatee&mod
the injected power), polarization controller and enteredt P locked (SAML) regimes [18], [19] when the absorbers were
1 of a circulator. The light from Port 2 of the circulatorbiased well below the transparency poistQ(9 V). The bias
was fed into the facet of the gain-section of the slave laseperational parameters of the device for SAML operationewer
using a lensed fiber. The light from the facet of the saturabligpically around 100-200 mA for gain current and approxienat
absorber section was utilized for optical/RF spectrumyaisl absorber voltage of -0.6 V10 0.3 V fdp; and -1.1 V10 0.3V
through free-space coupling with an isolator. For the Rfer D,. No lasing was observed for absorber voltages biased
spectrum analysis, the light passed though a high speedphdtelow these values. Both the devices showed averaged free-
detector (Newport, Model: D-25xr) with bandwidth ef17 space output powers of a few mW in this regime of operation.

Weik Weik

Il. EXPERIMENTAL ARRANGEMENT FOR INJECTION
LOCKING AND DEVICE DESCRIPTION



By optimizing the bias parameters (absorber bias around O. 20

€
0.2 V and gain current around 50% above threshold) relgtive S
narrow RF linewidth (10s-100s of kHz) and pulses of a fev & -4 @
ps in duration were produced in free-running operation. ;3;

S

Optical injection improved the lasers’ performance in sev 20
eral aspects. In the optical domain, the spectral width ef tr 10 Klavelength (om0 Kavelengin (m)
laser was reduced with similar or narrower pulses, thereby
reducing _the time-bandwidth p'de_UCt of the pulses. m th@g. 2. The optical spectrum of two-section QDMLs at free ning
RF domain, we observed a shift in the RF peak to higheperation. (a)D1, Gain current: 160 mA, Absorber voltage: 0.1 V and Gain

i ; i i i ; rrent: 200 mA, Absorber voltage: -0.5 V. ()2, Gain current: 110 mA,
frque_ncu_as, and a redu_ctlon In.R.F l.meWIdth (at r(alatlvelgzlsorber voltage: 0.0 V and Gain current: 135 mA, Absorbdtage: -1.0
low injection powers) using CW injection. Full control over,
the RF linewidth of the device was possible using dual-
mode injection which strongly narrowed the RF linewidth _ % coeencespie - —v, =o1v | [Conerencespite - —v_ =00V
similar to hybrid mode-locking. We analyze the dependenc 3 809 i T~ Gaussianfit
of the optical and RF locking-range of the injection-lockec 2 &00 e -sean?
device on the bias parameters. It will be shown that th
locking characteristics, particularly the RF locking-garcould
be significantly improved by careful adjustment of the bia: %
parameters. For this purpose, the devices were biased un o I 40 10 20 30 40
two different gain current and absorber voltages to sho.. elay time (psec) Delay time (psec)
“distinct” SAML operation in terms of RF linewidth and pulse _. _ . .

idth. Th ical D d f diff Fig. 3. Autocorrelation measurement of two-section QDMt&ee running
W_' th. e optical spectra O_ 1 f'm Dy for two di erent_ operation. (a)D: corresponding to Fig. 2(a). (b]D2 corresponding to
bias parameters are shown in Fig. 2(a) and (b), respectivelly. 2(b).
As can be seen, decreasing the absorber bias to the corner of
the SAML operating range (-0.5 V fap; and -1.0 V forDs)
caused narrowing the optical spectrum. The spectral namgpw I1l. ANALYSIS OF REPETITION RATE TUNING

was accompanied by a decrease in the output power and aRepetition rate tuning is an important parameter to assess
increase of threshold current for the devices. The gaireatit the suitability of mode-locked semiconductor lasers foeal r

for the negative absorber case was increased so that tregaveppplication where some frequency deviation exists between
power of the devices remained the same as that of the positiyger's repetition rate (given by its optical length) anéttbf
absorber voltage. the system. In this section, we analyze the amount of répetit

) ) ) ) rate tuning in the free running and CW-injection cases.
The intensity autocorrelation of the devices are shown in

Fig. 3(a) and (b). The traces were intentionally offset for .

better viewing. The pulse-width after deconvolution foy A Free running

was 7.2 ps (Gaussian fit) reducing to 4.0 ps (Sefif). For Fig. 4 shows the amount of frequency change for in

D, the pulsewidths were 5.6 ps (Gaussian fit) reducing teo cases: (a) when the absorber voltage and temperature of
3.3 ps (Sech fit) when the absorber is negatively biasedhe mount are fixed and only gain current is changed, (b)
For both cases a clear coherence spike could be seen inwlinere both the bias parameters are fixed and temperature of
traces for negative absorber voltages. It is unlikely thasé mount is changed. Several differences can be distinguished
come from partial dispersion compensation in the fibre &®m Fig. 4(a): first, an increase in the repetition rate has
only a few meters of single-mode fibre was used in the signaen observed when the absorber voltage was decreased from
path to the autocorrelator. The existence of such peakslcopbsitive to negative values. Second, the trend of tuningnaga
indicate instabilities or some excess noise in the modkiigc the gain current for positive absorber is descending white i
operation. The RF linewidth of the devices at these two megioascending for negative absorber voltages. Third, the amoun
also showed significant differences. Hor the RF linewidth at of tuning is around 30 MHz for positive absorber voltage
positive absorber voltage was around few 100s of kHz whisthile it increases up to 100 MHz when the absorber is
was increased to few MHz for negative absorber voltage. Thegatively biased. The same kind of trend was observed when
same trend was observed for, where the RF linewidth of the bias parameters are fixed and only the temperature of the
few 10s of kHz at positive absorber voltage was increasetbunt is changed. The trend for positive absorber voltage wa
to a few 100s of kHz when the absorber was negativescending for positive absorber bias in the range:8fMHz
biased. Information on RF linewidth and autocorrelati@tés (not visible in Fig. 4(b)). When the temperature was changed
could be an indication ofléss stable” mode-locking operation with a negative absorber bias, the trend of frequency tuning
for absorber biased close to the negative boundary of modeas descending and large amount of tunind Q0 MHz) could
locking operation. From hereon, the measurement results laa seen.

D, will be presented which were qualitatively similar to those The mechanism for the difference in the trend and the
of Ds. amount of frequency tuning for the two cases seems not to be
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Fig. 4. Free-running repetition rate dp; for different bias parameters. 0 : x : x
(a) Absorber voltages: 0.2 V and -0.5 V, mount temperatufed 2C, gain 0.005 0.01 0.015 0.02 0.025
current ranging from 130 to 210 mA. (b) Absorber voltaged: \0.and -0.5 Injected power ratio

V, gain current: 160 mA and mount temperature 15-235
Fig. 5. Optical locking-range (left axis) at positive aldsar voltage (full
circles) and negative absorber voltage (full triangles) epetition rate tuning
. . o (right axis) at positive absorber voltage (empty circles)d negative absorber
only a function of change in the refractive index. For examnplvoltage (empty triangles) versus injected power ratio. bias parameters are

if we consider plasma effect (change of refractive index idue the same as in Fig 2(a).
change in the carrier density) the repetition rate showlcygs
increase when the gain current is increased. However, we
observed both ascending and descending trends for differen!n Fig. 5, the optical locking-range (filled markers) and the
absorber voltages. Another explanation could be presenfgiount of repetition rate tuning (empty markers) within the
using the definition of the “detuning time” (the actual aativ locking-range for two absorber voltages are shown in thee lef
time of the pulse according to the gain/absorption sammatiand right axes, respectively. The injection ratio (“x” gxis
time). This will cause the pulse repetition rate to deviaterf defined as the ratio of injected power to the free runningestav
the Fabry-Perot fundamental frequency [20]. It was shovan thPower. As can be seen, the locking-range for the negative
the amount of detuning time is basically a function of pulsabsorber voltage was significantly wider than for the pesiti
energy, the pulsewidth and detailed saturation dynamigshwhabsorber voltage. For this device, a locking-range up to 5.1
are governed by gain/absorber bias parameters [21]. Tdreref GHz was found which is a large fraction of the longitudinal
it is possible that the laser could be biased in a region so tfiaode-spacing¥ 21 GHz). This widening of the locking-range
the detuning time will be an ascending or descending functivas predicted theoretically in a model for GaAs quantum-
of the gain current and also with more or less sensitivity. dot mode-locked lasers around the boundaries of operationa
map for passive mode-locking, where “unstable” mode-logki
evolves in free running operation [22]. In our case, the wide
optical locking-range corresponded to an absorber voltdge
Following study of repetition rate detuning in free running0.5 V while the negative boundary of passive mode-locking
mode-locked operation, we analyzed the CW injection-logki operation was -0.6 V. In addition to the wide optical locking
behavior of the laser at the same bias parameters as showraimge, the amount of repetition rate tuning within the logki
Fig. 2. Here, stable locking is defined as the regime wherange was considerably different in the two cases. The maxi-
the laser operation meets the following criteria. Firsttie mum amount of repetition rate tuning for the positive absorb
RF domain, no beating frequency or oscillations associatedltage (empty circles, right axis) is around 40 MHz while it
with relaxation oscillation (RO) frequency (instabilgi@nder increases to~ 100 MHz for the negative absorber voltage
optical injection) existed at low frequency range (0- fewempty triangles, right axis). This difference might arfeem
GHz). By zooming around the repetition rate, the shift of thie initial bias conditions for the gain and absorber sestio
repetition rate to a new (larger) frequency was observedeMdhat provided a significant repetition rate tuning differenn
than 20 dB suppression of laser’s original RF spectral pesk wiree-running operation. However, the contribution of atien-
also considered to determine the unlocking-locking titeorsi locking in changing the detuning time and refractive index
For positive values of the absorber voltage, there was wamen the master laser’s frequency is swept across the lgckin
abrupt frequency shift by-150 MHz whereas at negative biagange is presently unclear and requires a separate inagstig
gradual shift by~10 MHz for negative voltages was observedwhich is not within the scope of this paper. Fig. 6 shows
Second, in the intensity autocorrelation trace, the cofwre the change in the repetition rate within the locking-range f
spike observed when free running with negative absorber bositive (filled circles) and negative (filled triangles)sakber
disappeared. This is a likely indication of suppression ebltages when the master laser is swept. The point where the
free-running instabilities in pulses generated by thecinpm- stable locking emerges was considered as the reference for
locked mode-locked laser. Third, in the optical spectrum @fie master frequency (0 value). The injected power ratio was
the injection-locked laser, spectral narrowing occurmredhie almost the same (1.1 % for positive and 1.2 % for negative
vicinity of injection with significant portions of the speat absorber voltage) for the two cases. The free running rqeti
power in modes shifted to longer wavelengths by a fevate for the positive absorber bias wa®0.858 GHz which
nanometers [18]. was up-shifted by~168 MHz under stable injection-locking.

B. CW optical injection
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Fig. 7. Intensity graphs for the RF spectrum under dual-miogiction
with negative absorber voltage, injected power rati@.1%, the locking
regions denoted by arrows (resolution bandwidth: 100 kkg)Master laser’'s
wavelength:\,,,. (b) Master laser’s wavelengttx,,, +0.015 nm (1.85 GHz).
(c) Master laser’s wavelength,,, +0.024 nm (2.90 GHz). (d) Master laser’s

. . N length:\,,, 4 0.028 3.45 GHz).
For the negative absorber voltage, the free running rémetit waveleng * nm ¢ 2

rate was~21.026 GHz (already shifted to higher frequencies
than that of positive absorber voltage) was up-shiftedd®6 A \wide RFE locki ng-range
MHz at the evolution of stable locking. A noticeable diffece

could be seen for the trend of repetition rate tuning for bo%r the two absorber voltages studiedsifil. When injection-

cases: the repetition rate monotonically increased withan Ki d the RE I idth sianificantl d
locking-range for negative absorber bias. However, for tii%c Ing occurred, he INEW! signiicantly -narrowe

positive absorber bias, a non-monotonic trend (first asognd orming a deIta—I_|ke RF lineshape (beyond the r.es.olutlon
followed by a descending trend and some “clamping” of t Igmt_of our eIectr_lcaI spectrum analyz_er, 1 kHz), _S|m|Iar t
maximum frequency) could be observed within the Iockinglyb”d mode-locking, with reduced noise level. This resdlt

L e ignificant reduction of timing jitter by more than one erd
range. This kind of trend was observed for other |nject|orq signitic . :
levels depicted in Fig. 5. Total repetition rate tuning=of24 of magnitude 235 fs) [18], [23]. The RF locking-range is

MHz was achieved for positive absorber voltage while Hefined here as the spectral region where strong narrowing

- . of the RF linewidth occurred accompanied by a lowering of
increased tox 90 MHz for the negative absorber voltage. the noise level by>30 dB (resolution bandwidth: 100 kHz).

As will be shown Iate_r,_ the comblna}tlon of wide locking; the presence of any sidebands, possibly due to self-phase
range and I_arge répetition rate tuning range under C odulation, an additional criterion of side band suppssi
|nJect|on-|oc_k|_ng !eads to much larger RF locking-rangelen by more thar-30 dB was also applied. Similar to CW optical
dual-mode injection. injection, the 20 dB suppression of free-running RF peak was

applied for unlocked-locked transition as well. An example
of such wide RF locking-range for negative absorber voltage
IV. VERSATILE OPTICAL FREQUENCY COMB GENERATION is shown as intensity graphs in Figs. 7(a)-(d). The frequenc
USING DUAL-MODE OPTICAL INJECTION spacing and wavelengths of the dual-modes were designed
initially to match the RF peak of CW injection-locked casé€. R

In this section, we describe dual-mode injection-lockinpcking in this regime (Fig. 7(a)) was limited to a range of 92
of D;. Locking characteristics of CW injection showed thaMHz. However, by slightly increasing the master laser wave-
the lasers operating at negative absorber bias have witksrgth (center wavelength of the dual-modes) and keepiag th
optical locking-range and tuning of repetition rate withie RF spacing fixed, the slave laser transitioned from unlocked
locking-range. Injection of two coherent CW lines (duald®o to injection-locked. Then, by increasing the frequencyhs t
injection), bringing the two lines close enough (in wavefgr) RF source, new frequencies could be included in the second
to two slave laser modes, causes modulation of the carriéwsking region (Fig. 7(b)). Following this method, more ked
due to saturation of the gain. Careful adjustment of thiegions were found, thereby widening tféective RF locking-
modulation frequency results in RF frequency locking, asnge significantly.
well as enhanced optical injection-locking. The modulatio RF locking-ranges at various injected powers available in
frequency is the spacing of the two lines, or a sub-harmordar experiment showed significant difference for negative
where dual-mode injection is done at an integer harmonic afid positive absorber voltages. The RF locking-range gersu
the repetition rate. The spacing of the two coherent modiegected power ratio for two absorber voltages (positiviéedi
should be consistent with the shift of the repetition rateircles, negative: filled triangles) is shown in Fig. 8. As
associated with the injection-locking process (for exampée can be seen, the difference in locking-ranges for thesescase
Fig. 6). are considerable due to the existence of several overlgppin

We compared the RF locking-range in dual-mode injection



locked regions which broaden the upper bound of the total _ 400 A
effective RF locking-range. The maximum RF locking-range oV, =+01V

for negative absorber voltage was400 MHz corresponding AV, =-05V

to injection ratio of~5%. Extra locked regions were mostly

absent or existed with much lower RF locking-ranges at
positive absorber voltage except for highest availablecitipn
power (last two points in Fig. 7), with maximum injected
power at port 2 of the circulatoe330 pW. It is worth noting
that for negative absorber voltage locking-rangel)0 MHz
occurred at even small amounts of injected power.

Combining both frequency ranges covered by the injection- 00l 002 003 004 005
locked laser for the two absorber voltages, one can extend Injected power ratio
the overall locking-range to 440 MHz, as shown in Fig. 9.

A typical cleaving error of 20um gives a device-to-device Fig. 8. RF locking-range for dual-mode injection versusdtid power for

variation in designed repetition rate 6200 MHz which can ppsitive absorber voltage _(fiIIed circles) and nggativeodimy voltage (filled
. . . . .triangles) and the same bias parameters as Fig. 3(a).

be covered easily by such a wide RF locking-range. This wide

locking-range also included 21.33 GHz, locking to the sub

harmonic of 42.66 GHz a defined frequency used in optic Free running (42.66 GH2)/2

communication systems. This is300 MHz higher than that ot 440 MHz

of the free-running laser with negative absorber (21.02&)GH =

and >470 MHz from free-running positive absorber (20.85¢ 0

GHz).

The total RF locking-range of 440 MHz for a 21 GHz
device means the tuning percentage of more than 2%
higher than the record published by monolithic hybrid mode
locked laser at 1.55:m [13], [14] and comparable to the &
widest ranges reported in monolithic actively mode-locke:
lasers [15]. Moreover, these were achieved with special R i
impedance matching circuits plus multi-section devices t 21 211 212 213 214
extend the locking-range. Here we used simple two-sectic Frequency (GHz)
lasers without any meCh-anism for extra R-F or phase tunin-|g 9. Demonstration of widex{ 440 MHz) repetition rate tuning by
such as a passive section. Also, the optical nature of ﬂgb%ﬁbiﬁing the locking-ranges for negative and positiveodirsr voltages. The
synchronization mechanism makes this technique transparmr spectrum of the free-running mode-locked laser is shawcémparison.
against RF spectrum of injected signal, unlike hybridiecti
mode-locking where impedance matching is crucial to ineeea
the actual amount of injected RF power versus frequency. Agewidth was ~ 270 MHz. The normalized lineshape of
we will show, injection-locking to a dual-mode spacing athis mode (solid-line/red) along with the lineshape of ofie o
higher harmonics of the repetition rate is also possiblagisithe master laser's modulated sidebands (dashed-lingjhkac
this technique. Also, the shift of repetition rate obseried given in Fig. 10(b). It is evident that the lineshape of the
dual-mode injection versus free-running values gives araexmeasured mode follows that of the master laser which is a
degree of freedom in frequency coverage, where a separelgar indication of complete coherence of this mode and the
frequency range could be covered using hybrid mode-lockirdpal-modes. As shown later, this characteristic is veryfulise
for applications requiring comb generation with opticabpé
synchronization of the comb lines to the master laser.

The width of pulses generated by the dual-mode injection-

In addition to the RF properties of the comb, optical spéctriocked comb, and 10 dB spectral width versus locked fre-
properties such as modal linewidth, comb spectral width agdiency for two injection powers are shown in Fig. 11. The
pulsing characteristics are important parameters thadl hee pulse-width (FWHM of Sechfit to the autocorrelation trace
be considered in real applications. As mentioned earlier, after deconvolution) of the comb started from 3.4 and 3.7
important advantage of dual-mode injection over electronps for injection ratio of 2.9% and 4.6%, respectively. As the
synchronization techniques such as hybrid mode-locking frequency spacing of the comb increased within the locking-
the modal linewidth narrowing as a result of optical injenti range, the pulses broadened monotonically upz6ps. The
locking. In Fig. 10(a), the heterodyne beating tone of the seincrease in the pulse-width was followed by decrease of the 1
eral modes in different locations of the dual-mode injegtio dB comb spectral width. The number of comb lines within 10
locked comb (solid-lines) and free-running 20th mode awaiB of the peak started at 35 and 31 for the injection ratios of
from second injected mode (dashed-line/blue) are shown. 29% and 4.6%, respectively;then, decreased as the freguen
can be seen, a strong narrowing occurred for all modes whianreased with final counts 13 and 11 lines within 10 dB.
the laser was injection-locked whereas the free runningalpt  Finally, the optical spectra of the comb at selected locking
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Fig. 10. (a). Heterodyne beat note of several modes at eliffdocations of
the OFC (solid-lines) along with free running (dashed/lihee) 20th mode 1568 V\}as\feolengt%%ﬁ]) 1574 1568 V\}gjgengtﬁ%fm 1574
away from second injected mode. The modes are denoted baséidein

relative modal distance from injected modes; mode with tgandice ) ) o )

located at the blue side of injection. (b). Zoom (30 MHz spai)the Fig. 12. _ Optl_cal spectrum of OFC for injection ratio @f4.6_3% at selected
normalized RF beat note for the mode (solid-line/red) arel @ithe master's frequencies with the step of 60 MHz corresponding to Fig. (8).frep =

modulated side bands (dashed-line/black), injected poatey ~3%. 21.09 GHz. (b)frep = 21.15 GHz. (C)frep = 21.21 GHz. (d)frep = 21.27
GHz. (€) frep = 21.33 GHz. (f) frep = 21.39 GHz. The arrows denote the

spectral location of injected dual-modes.
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of injection-locked laser fi.cp) for injection ratios of~2.9% and~4.6%).

Fig. 13. Autocorrelation traces (blue/solid-lines) alomgth Sech fit
(red/dashed-line) and transform limited autocorrelati@tes (black/dashed-
dot line) corresponding to the optical spectra in Fig. 12

frequencies separated by 60 MHz from Fig. 11 is shown in

Fig. 12. The general shape of the comb consisted of two

prominent modes at the location of injection, followed byhe narrowest spectrum indicating residual chirp for itigec

an almost flat range and a group of few modes having thcked laser. The free-running time-bandwith productsewer
highest powers among the comb lines in the red side of tihel 7 for positive and 2.83 for negative absorber bias irttiga
comb. This is similar to theed shift phenomenon observed infeduction of time-bandwidth product with optical injectio
GaAs quantum-dot mode-locked lasers under optical irgacti

[23]. As the frequency increased, the spectral distancéisf t V- PHASE-SYNCHRONIZATION OF A TWO-CHANNEL PHASE
part and the injected modes decreased, forming a comb with aSENSITIVE AMPLIFIER USING DUAL-MODE INJECTION
narrower 10 dB width. This was also followed by presence of Phase sensitive amplifiers (PSAs) have recently attracted a
lines with unequal power at the location of injection despitiot of interest due to their unique phase squeezing capiabili
the fact that the dual-modes had same power before injectiarhich makes them an ideal technology platform for regererat
The comb’s spectral width could be further expanded using arg phase encoded modulation formats, e.g. differentiakph
optical amplifier and highly nonlinear fibre to be tailored tshift keying (DPSK) [24]. Although their phase squeezing
a particular application [11]. The autocorrelation tragath capabilities have been well known for more than a decade
their SecR fit and transform limited autocorrelation trace$25], a practical implementation that would allow them to
for the same injection parameters as Fig. 12 are shownstand as independent, black box elements in transmissik# li
Fig. 13. The transform limited traces were calculated fromwas missing until recently [26]. This was achieved using the
the measured optical spectra assuming zero chirp or cdnssynchronization scheme proposed in [27], which combined
spectral phase. The calculated time-bandwidth product weesrier extraction and frequency generation functioiealit
1.53 for the widest optical spectrum decreasing to 0.72 fatong with optical injection-locking of a local oscillattaser
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I nonlinear fiber (HNLF). The HNLF had a length of 0.198 km,
dispersion parameter -0.2 ps/(nm.km) (at 1550 nm), noatine
Fig. 14.  Experimental arrangement for two-channel DPSK R@#&ed coefficient 7.4 WE.km and attenuation of 14 dB/km [29].

on QDML phase synchronization. List of abbreviations udd@M: Mach- i -
Zehnder Modulator, PC: Polarization Controller, SMF: $nlylode Fibre, At the HNLF output the two generated carriers were self

Aft. Variable Optical Attenuator, HNLF: Highly Nonlineaiitite, PZT: Piezo- l0cked to the corres_ponding signals Qnd the local pump and

Electric Transducer, PD: Photodetector, WSS: WavelengfecBve Switch, located at symmetric wavelengths with respect to them, as

RX: Receiver. shown in Fig. 15. The output of the HNLF was divided in
two arms. In one arm, we used a band pass filter (3 dB

to create the synchronized pumps of the PSA. Recently, tbandW'dth 4 nm) and two interleavers (50 GHz and 21.31

. z, respectively) to select the carriers and clean themn fro
scheme was extended to demonstrate the first two-channel™ " : )
. o : . the residual frequencies of the FWM process. Then, thediter
DPSK PSA using optical injection-locking of two indepentien o )
: spectrum was injected through a circulator to the QDML. The
single-mode lasers [28].

However, increasing the number of channels in such circulator was connected to the QDML through a lensed fibre

) ' . . o ir?troducing a typical loss of 3 dB. The output of the laser
multi-pump black box PSA, requires at its synchromzauo]g?O port-3 of the circulator (average power-1.2 dBm) was
stage an equal number of additional local pumps, each onetrc])ér:: amplified to 13 dBm in an EDFA and cor.nbined with the
them phase-locked to the corresponding extracted cafitis. ump and signal spectrum of the other arm to a Wavelength
makes the overall setup complicated and bulky, eﬁecnve%’elective Switch (WSS). The WSS also removed unwanted
undermining themulti-wavelength processing capability of '

. requencies from the carrier extraction process and salect
such regenerators. Therefore, a solution that would enaf|

: . . ) & two signal channels and the three pumps, as shown in
multiple pump generation by synchronizing a single las
comb-source would be advantageous. In this section,

(I::r% 16(a) along with the optical spectrum of injectionked
demonstrate a powerful application of the dual-mode iigeet %Owl\glr"ggg AOltJ)tepflcj)tr((e)f|Z\Lﬁfh\ggstc?rgpggggn%y I?II\?I?Fd(vamithhltghr:e
locking technique described iV, which allowed us to create P
multiple synchronized pumps for phase sensitive ampliticat

same parameters as first HNLF and with a length of 0.19
using a single QDML which was injection-locked by tWOkm) to form the PSA. We used a conventional feedback based
extracted signal carriers.

Synchronization + | Receiver

_______________ pl——

PL P2 P3 20 (b) —Minimum gain
A. Experimental arrangement and results g0 N7 Moctealol  ~2:Maximum gain
. .. . . m Ch.1 ch.2 I
The experimental set up is illustrated in Fig. 14. At thes_, \ S'ra"e 7.4dB ;:-_::_ -

transmitter a comb generator consisting of two cascad(g
Mach-Zehnder modulators was used to create synchroniz&
optical carriers spaced at 41.496 GHz. Two of them wer§ ~
selected at\;; = 1558.431 nm and\,, = 1558.759 nm S‘- (;)J
and modulated in DPSK format at 10.374 Gbit/s with ¢ ~8° ,
pseudorandom binary sequence (PRBS)’ef 2Subsequently, 1555 1558 1561 1564 'O 1558 1559 1560
the channels were decorrelated by 20 km of convention Wavelength (nm) Wavelength (nm)
single-mode fiber (SMF) and amplified by an EDFA at 11 _ . .
dBm. At the carrier extraction stage of the PSA, two ing('%qplo%ents(aasﬁzt"\ﬁsgf’?ﬁg“g;eg{rfrﬁﬁf”g’gé ?rféﬁ: ggﬁ‘("‘ig"é‘:ﬁgg
put signals were mixed with a local DFB laser emitting afashed curve. (b). The zoom of the optical spectrum at the ®Sgut around
Ap1 = 1554.898 nm, then amplified to 30 dBm in a highlyghannels for maximum (dashed line-red) and minimum (sotieblue) gain.




phase-locked loop circuit to control a piezoelectric-lokfdere
stretcher (PZT) and compensate any slow thermal or acoustic
induced phase drift between the interacting waves in both
paths. The stabilized output of the PSA against thermal fiber
expansion was observed at maximum and minimum gain for
both channels, as shown in Fig. 16(b). A 7.4 dB on-off gain
was measured for both channels which may be increased by
using higher pump powers.

The QDML used in this experiment was a two-section
device with total cavity length of 203@m, with 40 um
saturable-absorber section (2%) operating as self-modet 0671 2073 2075 2077 2079
(SML) lasers [30] when the absorber was left floating, giving RF Frequency (GHz)
mode-locked frequency around 20.8 GHz and the same moq'-%f 17. RF spectrum of free running (dashed-line/blue) iajettion-locked
ing configuration as described §nll. QDML (solid-line/red), the inset shows a zoom of the RF toritnv80 Hz

The spacing of extracted carriers was twice of that tif§an and RBW of 1 Hz. the 20 dB linewidth 4s 3 Hz.
channels due to FWM process; this means injection at the
4th harmonic of the repetition rate of the injection-locked
laser (82.992 GHz). Nevertheless, the OFC with the same line
spacing as dual-mode injection at first harmonic was geeérat 4

- Free Running
— Injection—locked .

-50
~40 Frequency (Hz) 40

RF power (dBm)

|
~
(@]

@

as the locking mechanism is not related to any possible FWM & S W
process in the QDML's cavity [31]. The RF spectrum of %5 (Ch4: Backto Back __ Ch.1: PSA Output
the laser when free running (without injection) and under B Ba P By £y
injection-locking is depicted in Fig. 17, where significd®i 8] -A-Ch1 Back-to-Back / ,[ i
linewidth narrowing was observed. The Lorentzian fit to the Ao o sk AR P v J L X3
RF linewidth of the free running laser was 270 kHz (not SRy Sina Dagnd
shown) whereas the RF linewidth of the injection-lockeetas Received total power (dBm) | Ch.2 BacktoBack _Ch.2: PSA Output

reduces to the values beyond the resolution bandwidth (RBW)

of the instrument. The inset in Fig. 17 shows the 80 HZg. 18. (a). BER measurements of both channels versusréntaived power.
zoom of the peak with resolution bandwidth of 1 Hz; the Zg)%.AError free eye diagrams for both channels at the inpdta@rput of the
dB linewidth of the tone is estimated to be 3 Hz, indicating™ ~

strong reduction of timing jitter of the laser. This confirthe

presence of phase-locking between the injected modes gfformance at the output of the PSA.

extracted carriers. We also studied the performance of the PSA in terms
Another difference between the dual-mode injection here §# BER measurements for both channels. Fig. 18(a) depicts
that described ir§ IV comes from the generation mechanismne BER for both channels in back-to-back and PSA output
of coherent dual-modes. If IV, the modes were generated maximum gain) against received power. By comparing the
from a CW source with high optical signal to noise rati@gR curves for both channels at the output, about 1 dB sen-
(OSNR) which indicates dual-modes with high OSNR. Igityity penalty for BER of 16 was observed, with negligible
the case of dual-modes generated through FWM in a HNLfenajty at the forward error correction (FEC) thresholdiach
however, any noise present in signals and EDFA will bgg3 The error-free eye diagrams (shown in Fig. 18(b) for

transferred to the generated carriers. Therefore, spea:rza! both channels at the output are open proving the excellent
has to be taken to make sure that the dual-modes are injegiggkormance of our scheme.

with OSNR higher than a threshold to have complete injeetion
locking. Correct evaluation of this threshold requiresasate
study to investigate the robustness of dual-mode injection
scheme against OSNR similar to what has been done in [27]n this paper, we reported the generation of versatile marro
for injection locking to CW slave lasers. In addition to thdinewidth optical frequency combs with wide spectra, based
noise, residual phase modulation is present in the gemkraté dual-mode injection-locking of InP quantum-dash mode-
carriers. In order to suppress the residual phase modnjatitmcked lasers. A wide RF locking-range ef440 MHz was
the injection ratio should be kept as low as possible [32b@b obtained for a two-section device without any passive eacti
-30 dB in this experiment). for extra tuning. This is>2% of repetition rate, higher than
Both QDMLs with SAML or SML mechanisms could bethe records published for any monolithic hybrid mode-latke
used for injection-locking to the extracted carriers. OFQaser. It was shown that proper selection of bias paramitérs
derived from SMLs have fewer comb lines with the majorityo such a wide RF locking-range. This behavior is believed
of the power in the injected modes. Combs from SAMLs aite be due to injection-locking to the regime of less stable
much wider, with power distributed among many comb linesiode-locking operation opening up wide locking-range and
(see Fig. 12). SML combs are beneficial for this scheme, eepetition rate tuning. The widest comb had 10 dB spectral
more power per line was required to observe phase sensitivielth of more than 0.7 THz (35 liness21 GHz spacing)

VI. CONCLUSION
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with 3.7 ps pulses. The individual comb lines, all showeds] S. Arahira and Y. Ogawa, “40 ghz actively mode-lockedtriuted
similar linewidths as the master laser. A two-channel PSA
with two 10.374 Gb/s DPSK input channels was demon-
strated based on simultaneous phase synchronization aff Iqes]

pumps to incoming signals through this novel injectionkiog

technique using a 21 GHz InP QDML. A 7.4 dB phasgn]
sensitive gain and only 1 dB sensitivity penalty observed
in the BER measurements of two channels at the output of
the amplification stage. This scheme has the potential 1%?1
extension to multiple channels towards more compact and

efficient black box PSAs.
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