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ABSTRACT

Experimental results of indirect optical injection locking of
two X-band oscillators are presented. Large signal modulation of
the laser diode generates harmonics, which are employed to

synchronize both oscillators over 110°C using an S-band master
source. Both laser diode and FET oscillator nonlinearities can be
exploited to achieve frequency multiplication and obtain
subharmonic injection locking at X-band and above. The merits
of these different methods are evaluated based on locking range
and FM noise characteristics.

INTRODUCTION

Future tactical fighter planes are designed with greater
electronic warfare capabilities and independence from
electronically intelligent systems. For example, an instaneous
frequency measurement (IFM) system is presently investigated,
where the sensor listens for illumination at four quadrants of the
plane in frequency bands of 2- 18GHz and then engages in

active/passive jamming. Such a system requires stability of local
oscillators over 11 O°C (-45 to 65°C) to achieve IFM within
lMHz accuracy. Injection locked FET oscillators are selected as
the stabilized local oscillator, which are synchronized to a
common master source. The conventional coaxial cables, for
distribution of the control synchronizing signals, are undesirable
and fiberoptic distribution networks are considered as a viable
alternative (l-2). The advantages of fiberoptic links are light
weight, small size, low loss, immunity to interference (EMI,
EMP).

The fiberoptic links are composed of a high-speed
semiconductor laser, optical couplers and fiberoptic distribution
networks, and high-speed photodetectors. However, the
bandwidth of the state-of-the-art commercial electrooptic
components (lasers and photodetectors) are limited to 10GHz and
new schemes should be employed to extend the bandwidth of the
synchronizing fiberoptic link. A possible approach to overcome
this gap is to exploit the laser diode and FET oscillator
nonlinearities to generate harmonics, thereby extending the
effective synchronizing link’s bandwidth. This paper reports on
such a scheme to achieve synchronization of multiple X-band
FET oscillators. Specifically, the results of indirect optical
injection lcding method (3) and a comparison between fiberoptic
link nonlinearity and the FET are presented. By indirect optical
injection locking we mean that the modulated optical signal is first
demodulated by a high speed pin diode and then electrically

injected to the FET oscillator versus direct illumination of the

active region of the FET (4). The present work has two main
objectives. First, to report on the simultaneous optical injection

locking of two independent free-running X-band microwave
oscillators using laser diode’s nonlinearity. Second, to
investigate and evaluate various methods of achieving
sub-harmonic injection locking which extends the effective
bandwidth of the optical link. In these experiments, both the
laser diode and the FET oscillator nonlineanties are exploited to
achieve frequency multiplication. More explicitly, the relationship
between the master oscillator frequency, fmastcr, and the slave

oscillator, fslave, is expressed as

+iSffslave = mlaser*mfet* ‘master (1)

where mlaser and mfet are the frequency IIMIltiphCEttiOn faCtOrS

of the laser diode and the FET respectively and iSf is the
frequency detuning. These experiments demonstrate methods by
which practical optical synchronization of oscillators can be
extended to K-band and above. The performance of the
sub-harmonic injection locked oscillator is compared in terms of
locking range and FM noise for a matrix of different mlaser ~d

‘fer

INDIRECT OPTICAL INJECTION LOCKING

Exwnmental sehm

The experimental arrangement is shown in Fig. 1, depicting
two independent free-running slave oscillators, that are
synchronized to a master oscillator via a fiber-optic link. For the
optical source, a double burned hetero-junction (DBH) AlGaAs
injection laser, with a short cavity, is used. The signal from the
master oscillator is injected to the laser through a bias tee circuit,
directly modulating the laser drive current, and hence the optical
output. The laser output power is 7mW at 830nm with 3dB
small signal bandwidth of 5 GHz for a driving current equal to
80% of the maximum output power level. The laser’s output
fiber is fused to a commercial 3dB optical coup~er and the light
from each arm is coupled to high speed GaAs pin photodetectors
each with a responsivity of .45AIW at 840nm and 3dB
bandwidth of 15GHz at 20V reverse bias voltage. The
demodulated rf signals are amplified using 20dB gain broadband
(8-18GHz) LNAs, and are electrically injected to the free-running
oscillators.

The X-band free-running oscillators are designed and
fabricated using low noise FETs (NEC7 1083). The oscillators
are biased for 7 and 2dBm output power respectively. The
external Q of the free running oscillators is determined by direct
electrical injection locking and is found to be 60. The spectra of
the free-running oscillators prior to indirect c)ptical injection
locking is shown in Fig. 2. The lack of synchronization and high
FM noise is evident. The frequency drift of the free running
oscillators over a temperature range of-45 to 65°C is measured
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Fig. 1 Experimental setup for indirect optical injection loeking of two X-band FET oscillators,

to be 20MHz. The goal of the optical injection locking is to
maintain synchronization of the free-running oscillators over this
temperature range, and to reduce their FM noise.

Experimental results

The laser diode is modulated at 3.393GHz by an 8dBm
signal from a synthesized source. The fundamental signal, as
well as higher harmonics are generated by the large signal
operation of the laser diode(5) and are demodulated by the two
high-speed photodetectors. In particular, the third harmonic
signal (10. 179GHz), is matched to the broadband LNA by a stub
tuner and the amplified signal is electrically injected to the
free-running oscillator. Both free runninz oscillators are
simultaneou~ly loeked to the master source. -

(a)

(b)

Fig. 2 Power speetra of two free-running FET oscillators; (a)
oscillator #1, Po=7dBrn, (b) oscillator #2, Po=2dBm.

(Vertical scale is 10dB/div., and a 100KHz/div. in
horizontal scale.)

The injection locked spectrum of the free-running oscillators
is shown in Fig. 3. It depicts synchronization of the two slave
oscillators at 10. 179GHz, the third harmonic of the master
source, accompanied by a significant reduction in the FM noise.
The injection locking prccess for the 2dBm oscillator is depicted
in Fig. 4. A locking range in excess of 18MHz is achieved for
both oscillators. The system FM noise degradation of the master
oscillator signal due to the optical link and the broadband
amplifier setup is measured to be 14dB, where 9dB is due to the
third harmonic generation technique (2010gN), 2dB is attributed
to the fiberoptic link and 3dB is due to AM to PM conversion in
the broadband LNA.

Fig. 3 Power spectra of the two X-band slave oscillators
synchronized to the S-band master source; (a) oscillator
#l, (b) oscillator #2. (Vertical scale is 10dB/div., and a
100KHz/div. in horizontti scale.)
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(a) (b) (c)

(d) (e) (f)

Fig. 4 Master-slave pulling range ofoscillator #2 forsixlWz steps of themaster source; (a)3.39WHz (beginning oflocking with
sidebands); (b) 3,39 lGHz (locked); (c) 3.392GHz (locked); (d) 3.394GHz (locked); (e) 3.395GHz (locked); (f) 3.396GHz (end
of locking with sidebands). (Horizontal scale 5MHzldiv. and center frequency of 10.183GHz.)

COMPARISON OF LASER NONLINEARITY VS. FET

To examine the relative merits of the laser and the FET
nonlinearity behavior and their applications in sub-harmonic
optical injection locking, the laser is modulated by an 8dBm
mastersourcesignalatapproximatefrequenciesOf fslave,

f~lave/2,fslave/3andfslave/4.Thedemodulatedopticalsignalat

X-bandk amplifiedusingan8-18GHzamplifierwkh 20dBgain,
andisinjectedintotheFET oscillator.Inthissetofexperiments
thelasernonlinearityk employed(mlaser= 1,2,3 and4).The

characteristicsoftheinjectionlockedslaveoscillatorarelistedin
TableI.Atthefrequenciesbelowthelaserrelaxationoscillation
frequency(5GHz), the largesignaloperationof the
semiconductorlaserenhancestheharmoniclevels,which
provideslargelockingrange(32MHz).On theotherhand,atthe
frequenciesabove thelaserbandwidth,thelargesignalk
attenuatedand theharmoniclevelsaresmall,resultingina
reducedlockingrange(aslowas6MHz).Inthesecondsetof
measurementstheconditionsremainedthesameexceptthatthe
8-18GHz amplifierk replacedbya2-6GHzamplifierwith20dB
gain.Therefore,thegeneratedharmonicsby thelaserdiodeare
filteredoutandonlythefundamentalfrequencyk amplified,
whencetheharmonicgenerationbytheFET (mfet= 1,2,3 and

4)areemployedintheinjectionlockingprocess.The results of
locking range, FM noise performance using the FET nonlinear
contribution, are listed in Table II, where demonstrate that the
laser nonlinearity provides a superior performance than the FET
and hence should be further exploited.

Mawr ox. freq.

I

Lcckmg mnge FM noise at IOWHZ FM noisem I KHZ
(GHz) m law (MHz) offset (dBc/Hz) offset (dB&z)

,
10,174 1 -9 -78 -45

5,087 2 =6 -75 -42

3.391 3 19 -72 -38, I I I

2,543 4 32 -70 -35
L I I I I I

Table I Locking range and FM noise level of the indirect
optically injection locked 10.174GHz FET oscillator
with output power of 2dBm, using laser diode
multiplication factor, mlaser

Maser OSC,frq.
“FsT

L&Kingrange FM noiw at 100KHz FM wise at KHz
(GHz) fMHz) offset (dBc/Hz) offset (dB@Hz)

10.174 1 -9 -78 -45

I 5087 I’ I-’ I -74 I -37 I
] 3.39,

131-3 I .,,
1 -36 I

2.543 I 4 I 6 -71 -35 I
Table II Locking range and FM noise level of the indirect

optically injection locked 10. 174GHz FET oscillator
with outuut vower of 2dBm, using FET oscillator
multiplic;tion”factor, mFET.
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DISCUSSION

The feasibility of the sub-harmonic indirect optical injection
locking of the two X-band oscillators is demonstrated, using an
S-band master source, where a locking range in excess of
18MHz is achieved. The advantages of the indirect over direct
optical injection locking technique are the availability of
commercial components, and higher available locking gain due to
the effective light coupling into the pin diode and amplification
of the control signal before injection locking.

The 14dB FM noise degradation of the master oscillator in
the indirect optical injection locking system is related to the
optical link and the broadband amplifier characteristics. The
optical link noise degradation is dominated by the light scattering
within the coherent length of the laser, which may be reduced by
reducing the optical mismatch and use of optical isolators. A
narrow band amplifier would reduce the amplifier’s noise
contribution by minimizing AM to PM conversion

Frequency multiplication by both the laser diode and the FET
is also demonstrated. The large signal modulation of laser diodes
increases the harmonics conten which are attenuated at the rates
slower than 40dBldecade above the relaxation oscillation
frequency (5). Therefore, huge signal modulation of the lasers
extend the effective bandwidth of the optical link. The
experimental evaluation of nonlinear contributions of the laser
diode and the FET oscillator, indicated that it is more desirable to
utilize the multiplication by the laser than by the FET. Further
optimization of the lecking range, improvement in the system FM
noise degradation, and a power budget calculation is currently
pursued.
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