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High-Performance Heterodyne Optical
Injection Phase-Lock Loop Using
Wide Linewidth Semiconductor Lasers

C. Walton, A. C. Bordonalli, and A. J. Seed=llow, IEEE

Abstract—The requirements for narrow linewidth lasers or To Lightwave Signal Analyser
short-loop propagation delay limit optical phase-lock loop re- ?jﬁ‘lE:E’ifcya’]l’f;g]‘;)“‘erferomet”
alizability with semiconductor lasers. Although optical injection
locking can provide low-phase-error variance, its locking range is
limited by stability considerations. The first experimental results
for an heterodyne optical injection phase-lock loop are reported.
Phase-error variance as low as 0.003 r&din a bandwidth of 100
MHz, single-sideband (SSB) noise density of94 dBc/Hz at 10-
kHz offset and mean time to cycle slip of 3x 10'° s have been
achieved using DFB lasers of 36-MHz summed linewidth, a loop
propagation delay of 20 ns and an injection ratio of—30 dB.

Index Terms—njection locking, linewidth, optical communica-
tion, optical phase-lock loop, semiconductor laser.
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I. INTRODUCTION

PTI(_:AL phase-lock loop (OPLL) and opt|C_61| INJECtIONEjy 1. Experimental arrangement for the OIPLL experiment. ML: master
locking (OIL) techniques have been extensively used fgser; SL: slave laser; I1 to 13: optical isolators; H1 to H3: half-wave plates;
achieve frequency synchronization of semiconductor lasersQiy quarter-wave plate; M: mirror; PBS1 and PBS2: polarizing beam splitters;

optical communication systems [1], [2] and for signal genef fiber coupler; PD: photodetector.

ation in microwave opto-electronic systems [3]-{5]. Althougly,;q |etter, the first experimental results for an heterodyne

the utilization of semiconductor lasers without line narrowin@NPLL generating microwave carriers at frequencies of 8 or
techniques would permit the realization of compact and |0V1'6 GH’z are presented

cost systems, their relatively wide linewidth requires very short
loop propagation delay in heterodyne and homodyne OPLL’s II. OIPLL SYSTEM

to achieve acceptable phase noise reduction [6]. OIL system%ig. 1 shows the experimental layout of the heterodyne

eliminate the loop delay restriction and the level of phase nOiEﬁPLL. Offset injection locking was achieved by modulating

can be controlled by the injection level into the slave Iasetlhe master laser ML with the reference frequency and injecting

?g\‘/’é‘:gf r'régsc:(sjegﬂept?)rtinosftatgielitigéLolcoccuI?rri]r? rie:]n?ﬁe Clggkibeart of the emitted light into the slave laser SL cavity [5]. The
rocesg above critical levels of injection [7] 9 Idolators 11 and 12 prevent coupling of slave laser emission and
P ) : back reflections to the master laser. The angle of the half-wave

It has been shown [8] that an homodyne optical In]ecnonlate H1 controls the injection level. The light transmitted by
phase-lock loop (OIPLL) system allows low phase error varj;

ance (0.006rad? in 500 MHz bandwidth) to be achieved hoe p°|ar.'z'ng. beam spliter PBS1 s honzontally. polarized
. ; . , . L 0°) and is injected into the slave laser after passing through
in loops having wide linewidth lasers and significant loo

ropagation delay (15 ns), offering improved performance over(WhiCh has the front polarizer removed) and H2, both set in
propag y ! g Improved p such a way that the resulting polarization direction of the beam
either OPLL or OIL systems used individually. In order tg_~ ... "~ .

is still 0°. The other part of the master laser beam is reflected

_realize_an heterpdyne OIPLL, offset locking of th? slave Ia_s%r PBS1 with vertical polarization (89 and reflected back

|S'reqU|red; a microwave phase detectqr to permit compari the mirror M, passing twice through the quarter-wave plate

Vr;lllgt]cthk:r? rigegﬁgiciége?gre?ﬁg (r:nourzt Ité?elnscc;t[zcr)]:a(tjeec\i/;gde%e . Therefore, the polarization state of the returning beam is
9 q P Y Ped. Mlated 90 in relation to the initial condition and the beam

Manuscript received April 24, 1997; revised November 14, 1997. This woig fully transmitted through PBS1 toward the half-wave plate
was S\blvgﬁ’t%f;egn%y Epf’R(s:éfa?;f’ey Qﬁhokhgséésggrﬁgn?’\(‘)E’%Iscff‘ré'r'{ic _H3. The polarization direction of the slave laser emission is
Electrical Engineering, University College London, Torrington Place, Londolraj,é)' After H2 a”‘?' !3' the slave laser beam polarization iS 90
WCI1E 7JE, UK. and, therefore, it is fully reflected by PBS1 toward half-wave
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being coupled into the fiber couplers FC1 and FC2 and giving
high efficiency in the wave-front overlap. An optical fiber
cable with a 3-dB coupler is used to take the signal from FC1
to both a Fabry—Perot interferometer FPI (Burleigh HF-1500-
2) and a lightwave signal analyzer LSA (HP 70810B). The
reflected beam from PBS2 passes to FC2 and then to a 60-GHz
bandwidth photodiode (NewFocus 1014). The principal beat
signal generated at the photodiode is between the master laser
fundamental and the slave laser fundamental. The photodiode i}

output passes through two microwave integrated circuit am- )

plifiers of total gain 50 dB and is compared with the referean?g. 2. Path lengths in the OIPLL system for path matching analysis.
frequency in a diode ring mixer. The loop filter gives a second-

order type Il characteristic with transfer functiafi(s) =

(1 4 s3)/s71, wherer; andr, are the filter time constants The phase error spectrum for an heterodyne OIPLL, assum-
[9]. The filter output is converted to current by means of &9 shot noise I|_m|ted d.etectlo'n, and including the phase noise
transconductance amplifier and added to the slave laser bRfsthe optical signals, is obtained from [6], [8]

tuning the slave laser to minimize the phase error in the loop. Afms ) e(Py; + Ps) .
The transfer function for a locked OIPLL system can bede(/) = or 2 1 - H(j2n )] + WW(J?WMQ
simplified from the results shown in [10] and expressed by (4)

. —sTq
H(s)= == edgff ki(;)e =T (1) whereAf,,, is the summed FWHM linewidth of the master

) S+pCOS_‘hﬂ+ ) (s)e _ and slave lasersR the photodetector responsivity, the
wheref is the OPLL loop gainf'(s) is the loop filter transfer gjectronic charge andPy; and Ps the respective master and
function andc™**+ represents the effect of the total l00|ave |aser optical powers reaching the photodetector. The

propagation delayl’;. The OIL process is modeled as a firstyhase error variance can be obtained by integrating (4) over
order phase-lock loop with loop gain equal to the injectiof,e required frequency range.

rate p, defined by

1 [Py 2) lll. EXPERIMENTAL RESULTS
P= "\ T .
Ti P The master and slave lasers used were buried heterostructure

where 7; is the effective laser cavity round-trip time?,; 1.55:m wavelength DFB lasers that were biased at around
the injected power and” the slave laser output power.2.75 times threshold currenk,,, and 2.1 timedy;, producing
The injection ratio is defined a&,;/P. For side-frequency output optical powers of 5 and 3.6 mW, respectively. Their
injection locking, P.y; is the power of the side-frequency tolinewidths were measured by self-homodyne techniques to
which the slave laser is locked. be 16 and 20 MHz, respectively. Close path matching was
Experimentally, the loop phase error is detected at twabtained by using the experimental setup as a Michelson
physically separate points, at the diode ring mixer phaggterferometer [8]. The system was first aligned to increase
detector and at the slave laser due to the OIL process. Tthe reflection of the ML beam by the SL facet. The mirror
differential phasé,;s represents the possible phase mismat¢hounting translation stage was then adjusted until a large
due to any difference between the path lengths which will leatlea photodetector detecting the PBS3 transmitted signal main-
to competition between the two locking processes and systesined maximum output for every ML frequency. Electrical
instability. Referring to Fig. 284;g is given by path matching was achieved by adjustment of a sliding line in
e (— o the path from oscillator to mixer.
bt = wo - (=te tteHtat by Hl) Fom- (~tatte+10) The first experimental step was to perform the sideband
(3) OIL experiment. H1 was rotated such that the level of upper
where the reference frequency.is, the master laser frequencysideband injection ratio was30 dB. Note that the injection
iS wnm,, t, is the delay from master laser to photodiotiethe ratio of the master laser fundamental line is considerably
delay from master laser to slave lasgrthe delay from slave higher at—23 dB due to its larger power. In these experiments,
laser to photodiodet, the delay from photodiode to mixer,the sideband offset frequency had to be greater than 6 GHz to
t. the delay from oscillator to mixer, ang the delay from prevent the slave laser locking to the master laser fundamental
oscillator to master laser. The first term in (3) pertains to tHer these injection levels. The OIL locking range, measured by
OPLL part of the system, and the second term to the OIL pauning the master laser by temperature, was less than 2 GHz.
of the system. Next, the phase-lock path, with measured loop delay of
Experimentally, the path lengths are matched by translati@d ns, total loop gain 50 Mrad/s and active loop filter time
of mirror M and adjustment of the microwave delay lineonstants; = 7 = 100 ns, was added to the system and
between oscillator and mixer. To ensure tlgty = 0 for measurements of the OIPLL performance made. The detected
all frequencies, it is necessary that = ¢, + t., and that heterodyne level was-60 dBm and the estimated signal to
te =ty +1t.+tq +ty. It is clear that the most sensitive patmoise ratio at the phase detector input for large offsets was
length matching required is for the OIL system singg > w, 106 dBHz, limited by the microwave amplifier noise. Fig. 3
(master laser frequency 200 THz and modulating frequencyshows the 8-GHz beat between master and slave lasers, having
= 8 GH2). a power spectral density ef94 dBc/Hz at 10-kHz offset and



WALTON et al: HIGH-PERFORMANCE HETERODYNE OPTICAL INJECTION PHASE-LOCK LOOP

dBm

40 T T

-80 0

I

it }‘\E"\nhum
120 follpduakn bt i el LU

il L

Ll “\,!‘H‘g:‘\]ﬂw‘ putdstletd it

e uh P«Muh fulljia

I W\Mw ua\,\‘ i

Mw( i MI 4
i

PO T S S

[T, U S U

§10°
Frequency (Hz)

@)

79 10°

dBm

8.05 10°

LI M e O B B

\

-10

-120 PMMW%WWWNM

TENS N BYRUUE DU TE B T A S VA U SN 0 B AR i |

Wy,

LA A L I Y [ B

W‘”Wwv%w#};

RN TR I I N W I RV A

- -10 -5 0 5

10 15 20

Frequency oftset from 8 GHz (kHz)

(b)
Fig. 3.

kHz; resolution bandwidth= 300 Hz.

(a) 8-GHz beat for the heterodyne OIPLL system. Injection ratio:
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Finally, it was observed, that in an uncontrolled labora-
tory environment, the OIPLL remained locked for periods of
several hours, with no decrease in phase noise suppression
performance. From the measurements of phase error variance,
it is estimated that the mean time to cycle slip for the
heterodyne OIPLL is 3« 10'° s, or over 950 years.

IV. CONCLUSION

The implementation of the new OIPLL architecture devel-
oped at UCL, initially in homodyne form, has been extended
to an heterodyne OIPLL operating at 8- or 16-GHz offsets
using side-frequency injection locking to a modulated master
laser. The combined system offers lower values of phase error
variance (0.003rad?, 100 MHz bandwidth) and improved
stability (mean time to cycle slip of 3x 10'° s), than
is possible with wide linewidth lasers used in conventional
OPLL systems, together with wider stable locking range
(>24 GHz) than a comparable OIL systemad GHz). The
tracking capability of the combined OIPLL system is improved
compared with the equivalent OPLL and OIL systems, as long
term fluctuations can be compensated electronically by the
OPLL path while fast fluctuations can be followed by the OIL
path. The OIPLL is likely to find application in a number
of microwave optoelectronic and dense wavelength division
multiplex (DWDM) optical communication systems.
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