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Abstract —Experimental results of indirect optical injection-locking of

two X-band FET oscillators are presented. An S-band master source is

used to synchronize both oscillators simultaneously, with 18-MHz locking

range using the fiber-optic link nonlinearity. The source of the optical link

nonlinearity is traced to the laser diode by interferometric measurement.

Both the laser diode and the FET oscillator nonlinearities can be exploited

to achieve frequency multiplication of the master oscillator signaL The

merits of these different methods are evaluated based on the locking range

and the FM noise level of the injection-locked oscillator.

I. INTRODUCTION

F UTURE tactical planes are being designed with greater

electronic warfare capabilities and independence from

electronically intelligent systems. For example, an instan-

taneous frequency measurement (IFM) system is presently

being investigated where the sensor listens for illumination

at four quadrants of the plane, in frequency bands of 2–18

GHz, and then engages in active~passive jamming. Such a

system requires stability of local oscillators over 110°C

(– 45 to 65”C) to achieve IFM within l-MHz accuracy.

Injection-locked FET oscillators are preferred over expen-

sive oven-controlled oscillators, or dielectric resonator

oscillators. The synchronizing signals are distributed from

a common master source to the independent and spatially

distributed local oscillators for injection-locking. Conven-

tional coaxial cables may be used to distribute the control

signals, but they are undesirable, because of their large

size, weight, and high loss (10 dB/100 ft at 1 GHz); hence,

fiber-optic distribution networks are considered as a viable

alternative [1], [2]. The advantages of fiber-optic links are

light weight, small size, low loss, broad bandwidth, immun-

ity to interference (EMI, EMP), and high electrical isola-

tion.

The fiber-optic distribution links are composed of high-

speed semiconductor lasers, optical couplers, fiber-optic

distribution networks, and high-speed photodetectors. The
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bandwidth of the state-of-the-art commercial electrooptic

components (lasers and photodetectors) are limited to 10

GHz; therefore, new schemes are sought to extend the

bandwidth of the synchronizing fiber-optic link to the

higher microwave frequencies. A possible approach to

overcome this gap is to exploit the inherent nonlinearities

of fiber-optic link (i.e., optoelectronic components) amd

FET oscillator, to generate harmonics, thereby extending

the effective synchronizing link’s bandwidth.

The present work has three main objectives. The first is

to report on the simultaneous indirect optical injection

locking of two independent free-running X-band micro-

wave oscillators over a significant (several MHz) locklng

range. By indirect optical injection-locking [3], we mean

that the modulated optical signal is first demodulated by a

high-speed photodiode and then electrically injected to the

FET oscillator, versus direct illumination of the active

region of the FET [4]–[6]. The second objective is to

determine the source of nonlinearity in the high-speed

optical link; the third is to investigate and evaluate various

methock of achieving subharmonic injection-locking, which

extends the effective bandwidth of the optical link. In

these experiments, both the fiber-optic link and the FET

oscillator nordinearities are exploited to achieve frequency

multiplication. More explicitly, the relationship between

the master oscillator frequency, ~~,,t~r and the slave oscil-
lator ~,l~v, is expressed as

fskive = ‘laser * m fet * fma,ter + af (1)

where m ~~~e,and m ~.t are the frequency multiplication

factors of the laser diode and the FET, respectively, and~ 8f
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 subharmonic injection-locked oscillator

is com~pared in terms of locking range and FM noise for a

matrix of different m ,=.r and m f.t values.

II. lNDrRECT OPTrCAL INJECTION-LOCKING

The first set of experiments described pertains to indi-

rect optical injection-locking of two FET oscillators.
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Fig. 1. Experimental setup for indirect optical injection locking of two X-band FET oscillators. The wiggly arrows indicate
optical waves in the free-space optical focusing system.

A. Experimental Setup

The experimental arrangement is shown in Fig. 1, de-

picting two independent free-running slave oscillators that

are synchronized to a master oscillator via a fiber-optic

link. The optical link consists of commercially available

components, high-speed semiconductor laser and detec-

tors, and a fiber-optic power splitter. For the optical

source, a buried heterojunction (BH) AlGaAs injection

laser with a short cavity is used. The laser diode, manufac-

tured by Ortel Corp. (LDS1O-PFM), is a packaged device

with an SMA connector for RF input, and has a multi-

mode fiber-optic pigtail output. 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 diode is broad-band matched to a

standard 50-0 system by a series 47-!2 chip resistor. The

laser optical output power is 10 mW at 830 nm and has a

3-dB small-signal bandwidth of 5 GHz, for a driving

current level corresponding to 80 percent of its maximum

output power. The laser output is coupled to a multimode

fiber (50/125 pm), with a 70-percent coupling efficiency.

The laser’s fiber-optic output is fused to a commercial

3-dB optical coupler (Canstar, PC3-C-50), which has a

10-percent insertion loss. The optical power splits by 47

percent and 43 percent, in two arms of the optical fiber.

The light from each arm is coupled to high-speed AlGaAs

pin heterostructure photodetectors.

The optical output from the first arm is focused onto an

Ortel PD025-OM pin photodiode, using a 0.25-pitch selfoc

lens and a laser diode focusing lens (Melles Griot

06 GLCO01). This detector has a responsivity of 0.45 A/W
at 840 nm and 10-dB bandwidth of 15 GHz at 20 V reverse

bias voltage. The second arm of the coupler is butt-cou-

pled to a fiber pigtailed version of the same pin photode-

tector, which has a responsivity of 0.35 A/W at 840 nm.

Both detectors are packaged with SMA output connectors.

The dc optical efficiency in the first arm is calculated to be

43 percent, with the second arm at 32 percent. The de-

modulated RF signals are amplified using 20-dB-gain

broad-band (8–18 GHz) LNA’s made by Narda, and are

electrically injected to the free-running oscillators through

X-band circulators.

(a)

(b)

Fig. 2. Spectrum of two free-running FET oscillators. Vertical scale is

10 dB/div, with 100 kHz/div in horizontal scale. (a) Oscillator #1,

PO= 7 dBm. (b) Oscillator #2, P.= 2 dBm.

The X-band free-running oscillators are designed and
fabricated using low-noise FET’s (NEC71083). A reverse

channel configuration is used by applying a negative drain

to source bias voltage ( Ud~< O). An open-circuited stub in

the gate circuit is utilized to tune the oscillator. The

oscillators are biased for 7 and 2 dBm 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 optical injection-locking are shown in Fig.

2. The lack of synchronization and high FM noise are

evident. The frequency drift of the free-running oscillators
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(a) (b)

Fig. 3. Spectrum of two X-band slave oscillators synchronized to the S-band master source. Verticaf scafe is 10 dB/div, with
100 kHz/div in horizontal scale. (a) Oscillator #1. (b) Oscillator #2.

(a)

(d) (e) (f)
Fig. 4. Master-Slave pulling range of the oscillator #2 for six l-MHz steps of master source. Horizontal scale is 5 MHz/div

and center frequency is 10.183 GHz. (a) 3.390 GHz (beginning of locking with sidebands). (b) 3.391 GHz (locked). (c) 3,392
GHz (locked). (d) 3.394 GHz (locked). (e) 3.395 GHz (locked). (~ 3.396 GHz (end of locking with sidebands),

over a temperature range of –45 to 65°C is measured to

be 20 MHz. 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.

B. Experimental Results

The laser diode is modulated at 3.393 GHz by an 8-dBm

signal from a synthesized source. The fundamental signal,

as well as higher harmonics, is demodulated by the two

high-speed photodetectors. In particular, the third

harmcmic signal (10.179 GHz) is matched to the broad-

band LNA by a double stub tuner and the amplified signal

is electrically injected to the free-running oscillator. 130th
free-running oscillators are simultaneously locked to the

master source.

The injection-locked spectrum of the free-running oscill-

ators is shown in Fig. 3. It depicts synchronization of the

two slave oscillators at 10.179 GHz’ to the third harmonic
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Fig. 5. Optical/microwave interferometric setup for the high-speed fiber-optic link nonlinearity assessment. The arrows in
the reference arm indicate the two-dimensiomd micropositioner to balance the power in both arms of the interferometer.

of the master source, accompanied by a significant reduc-

tion in the FM noise. The injection-locking process for the

2-dBm oscillator is depicted in Fig. 4. A locking range in

excess of 18 MHz is achieved for both oscillators. The

system FM noise degradation of the master oscillator

signal due to the optical link and the broad-band amplifier

setup is measured to be 14 dB, where 9 dB is due to the

third harmonic generation technique (20 log N), 2 dB is

attributed to the fiber-optic link, and 3 dB is due to AM to

PM conversion in the broad-band LNA.

III. SOURCE OF NONLINEARITY IN THE HIGH-SPEED

FIBER-OPTIC LINK

In the synchronization of X-band oscillators, the nonlin-

earities of the fiber-optic link are exploited to achieve an

improved locking range at frequencies above the laser

diode’s relaxation oscillation frequency (5 GHz). There-

fore, the main question arises: what is the source of

nonlinearity in a high-speed fiber-optic link and how could

it be optimized? This question is critical, since if the source

of harmonic generation can be identified and optimized to

increase detected signal levels at frequencies above the

laser bandwidth, then optical injection-locking at millime-

ter-wave frequencies [7] may be achieved. The source of

nonlinearity in the fiber-optic link can be attributed to

both the high-speed laser diode and the photodetector. For

example, it is reported that the signal harmonic content

and the third-order intermodulation distortion alarmingly

increases for modulation depths larger than 70 percent [8].

On the other hand, high-speed photodetectors are em-

ployed as a mixers (a nonlinear device) in optical heterody-

ning experiments [9].

To resolve this question, an experiment is performed to

determine the origin of the nonlinearity in the high-speed

fiber-optic link. Since detection and subsequent processing

of harmonic signals in the electrical domain provide no

information about the source of harmonics in the fiber-

optic link, the experimentation must be realized in the

optical domain, An interferometric experiment, described

below, is used to assess the origin of nonlinearity.

A. Experimental Setup

The experimental setup is shown in Fig. 5. The AlGaAs

BH semiconductor laser is directly modulated by a micro-

wave sweeper. The optical output of the laser diode is split

using a 1:1 fiber-optic coupler from Canstar. The coupling

from port 1 to 2 is 45 percent, and 43 percent from port 1

to 3. The optical insertion loss is 12 percent. The mod-

ulated light in the reference arm of the interferometer

(A – A’) is butt-coupled to a fiber-optic power combiner. A

three-port optical coupler is used in place of a polariza-

tion-sensitive power combiner, with a 3-dB optical power

loss. It couples 47 percent of the power from port 1 to 2

and 37 percent from port 1 to 3 with an optical insertion

loss of 16 percent. The test arm of the interferometer

(B – B’) is delayed by AT, using a short length of fiber

(Al), and then spliced to port 2 of the power combiner

coupler. The modulated optical powers in the reference

and test arms of the interferometer are balanced by adjust-

ing the coupling at the butt-coupled joint in the reference

arm. This is necessary due to the dissimilar coupling

coefficients of the couplers. The modulated optical output

is detected by the high-speed GaAs photodiode and the

fundamental and harmonic signals are displayed on a

spectrum analyzer.

B. Theo~ of Operation

The optical signals in each arm of the interferometer can

be expressed in terms of the dc and the modulating ac

optical powers. The total optical signals after power com-

bing are expressed as

P(t) =p(~)Re {exp[i2mf(tO+ t)]

+exp[i2r~(t0 +t+At)]}+2P0

where

to = time clelay corresponding to the shortest fiber,

~(~)= modulated optical power at frequency ~,

= average optical power in each arm,
A: = time delay in the test arm with respect to the

reference arm = ( Al/vg).

Here, Ug is the group velocity of light in the fiber, and

Re { } represents the real part of the complex optical field.

Simple factorization and use of trigonometric identities

result in

P(t) =2p(f)cos(nfA~) cos[2nf(f +tO+A~/2)]+2P0.
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(c)(a) (b)

Fig. 6. Spectrum analyzer display of the detected signals in the interferometric ex~eriment. with the reference arm
~isconne~ted. (a) The fundamental signal at 4.05 GHz (verticaf scale is 10 dB/div). (b) ‘The second harmonic at 8.10 GHz
(verticaf scale is 2 dB/div). (c) The third harmonic at 12.15 GHz (verticaf scale is 10 dB/div).

(b)(a)

Fig. 7. Spectrum anafyzer display of the detected signals in the interfero]metric ex~eriment, with the reference arm connected

~nd the opticaf powers balanced. (a) The fundamental signal at 4.05 GHz wit~ a 20-dB power reduction w.r.t. Fig. 6(a)

(verticaf scafe is 10 dB\div). (b) The second harmonic at 8.10 GHz with a 3-dB power increase w.r.t. Fig. 6(b) (verticaf scale

2 dB/div). (c) The third harmonic at 12.15 GHz with a 20-dB reduction of power w.r.t. Fig. 6(c) (vertical scale is 10 dB/div).

phase), The time delay AT in the test arm, is adjusted such

that the first null is observed at 4.05 GHz.

C? Experimental Results

The laser diode is modulated at 4.05 GHz under large-

signal operation ( Pin= 8 dBm). When the reference arm is

disconnected, the harmonics at’ 8.1 GHz and 12.15 GHz

are observed on the spectrum analyzer, as shown in Fig. 6.

However, when the reference arm is connected and power

in both arms is balanced, the detected power for funda-

mental and third harmonic is reduced by 20 dB, while a

3-dB power increase is observed for the second harmonic,

as shcjwn in Fig. 7. Since, under large-signal modulation

(above 70 percent) of laser diodes, the bandwidth reduces
to 0.6 ~, [10], the laser’s nonlinearity was also examined at

frequencies below relaxation oscillation frequency. When

the laser diode was modulated at 2.025 GHz, the second

harmonic at 4.05 GHz was nulled using the same inter-

ferometer. This cancellation conclusively indicates that the

laser diode is the main source of nonlinearity. A large-sig-

The first null of this expression is observed at frequency

~ =(2 A~)-l, and in general, nulls are observed at frequen-

cies where the product of ~fA~ is an odd multiple of v/2.

If the time delay Ar in the test arm is related to the

modulation frequency ~0 by AT= (2~0) -1, the modulated

signal in the test arm is 180° out of phase with the

reference arm, and the modulated optical component at ~0

is canceled. This cancellation corresponds to the first null

in the interferometer ( mfAr = 7r/2), and the modulating

frequency is not observed on the spectrum analyzer. Fur-

thermore, for the same time delay Ar, and frequencies

corresponding to the second and third harmonics of the

modulating frequency fo, phase differences of 2 v and 3V

are produced. Due to these phase differences for frequen-

cies of 2f. and 3fo, thedetectedsignalatZf. hastwicethe
power in each arm of the interferometer (nf AT = r), while

the second null is observed at 3fo(m-fAT = 3r/2). In gen-

eral, for any odd multiples of fo, the modulated signals in

the interferometer arms add destructively (out of phase),

and for even multiples of f., they add constructively (in
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TABLE I

LOCKING RANGE AND FM NOISE LEVEL OF THE INDIRECT OPTICALLY
INJECTION-LOCKED X-BAND FET OSCILLATOR WITH

A 2-dBM OUTPUT POWER, USING LASER DIODE
MULTIPLICATION ml.,,,

TABLE II
LOCKING RANGE AND FM NOISE LEVEL OF THE INDIRECT OPTICALLY

INJECTION-LOCKED X-BAND FET OSCILLATOR WITH
A 2-dBm OUTPUT POWER, USING FET

MULTIPLICATION FACTOR w ~et

3.391 3 19 -72 -38

2,543 4 32 -70 -35

nal analysis of the laser diode [11] has shown that the

harmonic contents are enhanced at frequencies in proxim-

ity of the large-signal relaxation frequency, which is depen-

dent on the optical modulation depth.

IV. COMPARISON OF LASER AND FET NONLINEAR

BEHAVIOR FOR FREQUENCY MULTIPLICATION

The purpose of this experimentation is to compare the

relative merits of the laser and FET nonlinearity for indi-

rect optical injection-locking. The experimental setup is

similar to the one described earlier for indirect injection

locking except that experimentation is carried out for the

2-dBm FET oscillator. The laser is operated under large-

signal and is modulated by an 8-dBm signal from the

master oscillator at approximate frequencies of ~,l~v,,

~,~.,./2, f,I.,./3 and f,~.,. /4. In the first set of experi-

ments, the harmonics generated by the laser are utilized to

injection-lock at the fundamental frequency (i.e., m ~~~~r=1,

2, 3, and 4, m ~e,= 1).The demodulated optical signal at

X-band is amplified using a 20-dB, 8–18-GHz amplifier,

and the amplified signal is then injected into the FET

oscillator. The characteristics of the injection-locked slave

oscillator are listed in Table I. The locking range is opti-

mum at 2.543 GHz and 3.391 GHz, corresponding to the

modulating frequencies in the proximity of the laser self-

resonance where the harmonics are substantial [11]. The

enhanced harmonic yields a significant locking gain, pro-

viding for a large locking range, as high as 32 MHz.

However, at the frequencies above the laser resonance, the

harmonic levels are not significant, resulting in a reduced

locking range. This condition is manifested at 5.087 GHz,

where a locking range of only 6 MHz was achieved. For

the fundamental injection-locking, when the modulating

frequency is close to the slave oscillator frequency, viz.

10.174 GHz, a moderate locking range of 9 MHz is ob-

tained. This result does not compare favorably with the

subharmonic modulation at f~lave/3 and f~lave/4. This can

be explained by the rapid (40 dB/decade) rolloff at fre-

quencies above the laser’s bandwidth and by the parasitic
losses.

In the second set of measurements, the laser driving

conditions remained the same as in the previous set of

mfe I (~z)I .ffs.t;dBcmz) I

bcking range FM nose at 100KHz FM noise at lKHz
offset (dBc/Hz)

H+=+=H
L_ll_-L41’ I --11 I -35

measurements, but the 8–1 8-GHz amplifier was replaced

at the 2–6-GHz amplifier with a 20-dB gain, and the

X-band circulator was replaced by a C-band one. The

harmonics generated by the laser diode are filtered out by

the 2–6-GHz amp~fier, which attenuates the higher

harmonics; thus, the nonlinear performance of the FET

oscillator can be investigated. In these experiments, the

FET is responsible for the frequency multiplication, i.e.,

m ~et = 1, 2, 3, and 4. The results of locking range and FM

noise performance measurements using the FET nonlinear

contribution are summarized in Table II. The maximum

locking range in this experiment is 9 MHz, which corre-

sponds to locking at the fundamental. The locking range at

5.087 GHz, m ~,,,= 2, is the lowest, which is attributed to

the laser response rolloff at the frequencies above the

relaxation oscillation, and a lower locking gain due to the

subharmonic injection-locking process. However, the lock-

ing range for the frequencies close to the large-signal

resonance is more substantial (m ~et= 3,4), because the

laser resonance enhances the detected signal signified by a

higher locking gain.

These experiments demonstrate that the laser nonlinear-

ity can substantially improve the locking range. The non-

linear contribution of the FET in the injection-locking

process is not as pronounced as that of the laser diode.

However, the nonlinearity of the laser diode and the active

device can be simultaneously exploited, as has been dem-

onstrated in the case of the IMPATT oscillator [7]. The

locking ranges achieved for fundamental and subharmonic

injection locking are different, and are dictated by the

characteristics of the device [11].

V. DISCUSSION

The feasibility of the subharmonic indirect optical injec-

tion-locking of the two X-band oscillators is demonstrated

using an S-band master source, where a locking range in

excess of 18 MHz is achieved. The advantages of the

indirect over direct optical injection-locking are the avail-

ability of commercial components, and higher available

locking gain due to the efficient detection of synchronizing

signal by the pin diode and subsequent amplification of

the control signal before injection-locking.
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The 14-dB FM noise degradation of the master oscilla- [111

tor in the indirect optical-injection-locking system is re-

lated to the optical link and the broad-band amplifier

characteristics. The optical link noise degradation is

dominated by the light scattering within the coherent

length of the laser, which may be decreased by reducing

the optical mismatch and using optical isolators. A nar-

row-band amplifier, in place of the broad-band one used

in these experiments, would reduce its noise contribution

by minimizing AM-to-PM conversion.

Frequency multiplication by both the laser diode and

the FET is also demonstrated. The source of the optical

lirik nonlinearity is traced to the laser diode by the inter-

ferometric measurement. The interferometric technique

performs like a notch filter’ operating in the optical domain

and has applications in instantaneous frequency measure-

ments (IFM). The large-signal modulation of laser diodes

increases the harmonics content, which is attenuated at

rates slower than. 40 dB/decade above relaxation fre-

quency. Therefore, large-signal modulation of lasers ex-

tends the effective bandwidth of the optical link.

Comparison between the laser diode nonlinear contribu-

tion versus the FET with locking range as the figure of

merit indicates that it is more desirable to utilize the

multiplication by the laser than by the FET. The use of

laser diode nonlinearity provides substantial harmonics
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