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Optoelectronic Oscillator for Photonic Systems

X. Steve Yao and Lute Maleki, Member, IEEE

Abstract—We describe a novel photonic oscillator that converts
continuous-light energy into stable and spectrally pure microwave
signals. This optoelectronic oscillator (OEQ) consists of a pump
laser and a feedback circuit including an intensity modulator,
an optical-fiber delay line, a photodetector, an amplifier, and
a filter. We present the results of a quasi-linear theory for
describing the properties of the oscillator and their experimental
verifications. Our findings indicate that the OEO can generate
ultrastable, spectrally pure microwave-reference signals up to 75
GHz with a phase noise lower than —140 dBc¢/Hz at 10 KHz. We
show that the OEO is a special voltage-controlled oscillator with
an optical-output port and can be synchronized to a reference
source by means of optical injection locking, electrical injection
locking, and a phase-locked loop. Other OEQ applications include
high-frequency reference regeneration and distribution, high-gain
frequency multiplication, comb frequency and pulse generation,
carrier recovery, and clock recovery.

I. INTRODUCTION

HOTONIC radio-frequency (RF) systems [1]-[3] embed
photonic technology into the traditional RF systems. In
particular, in a photonic RF system, optical waves are used
as a carrier to transport RF signals through optical fibers to
remote locations. In addition, some of the RF signal-processing
functions such as signal mixing [4], antenna-beam steering
[5], [6], and signal filtering [7], [8] can also be accomplished
optically. The photonic technology offers the advantages of
low loss, light weight, high frequency, high security, remoting
capability, and immunity to electromagnetic interference.
Traditional RF oscillators cannot meet all the requirements
of photonic RF systems. Because photonic RF systems involve
RF signals in both optical and electrical domains, an ideal
oscillator for the photonic systems should be able to generate
RF signals in both optical and electrical domains. In addition,
it should be possible to synchronize or control the oscillator
by both electrical and optical references or signals.
Presently, generating a high-frequency RF signal in the
optical domain is usually done by modulating a diode laser
or an external electrooptical (E/O) modulator using a high-
frequency stable electrical signal from a local oscillator (LO).
Such a local-oscillator signal is generally obtained by multi-
plying a low-frequency reference, (e.g., quartz oscillator) to the
required high frequency, say 32 GHz, with several stages of
multipliers and amplifiers. Consequently, the resulting system
is bulky, complicated, inefficient, high phase noise, and costly.
An alternative way to generate photonic RF carriers is to mix
two lasers with different optical frequencies [9]. However,
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the resulting bandwidth of the signal is wide (limited by the
spectral width of the lasers, typically greater than tens of
kilohertz), and the frequency stability of the beat signal is
poor, caused by the drift of the optical frequency of the two
lasers.

We report here a novel photonic oscillator [10]-[12] that
meets the special requirements for the photonic RF systems
and yet is extremely suitable for conventional RF applications
as well. As will be shown in Fig. 1, this oscillator is based
on converting the continuous-light energy from a pump laser
to RF and microwave signals, and thus we refer to it with the
acronym OEO for optoelectronic oscillator. This oscillator is
capable of generating stable signals at frequencies up to 75
GHz (limited by the speed of E/O modulator [13]) in both
electrical and optical domains. We present the results of a
quasi-linear theory for the threshold condition, the amplitude,
the frequency, the linewidth, and the spectral power density of
the oscillation. We also present experimental data to compare
with the theoretical results. We show that the OEO is a
special voltage-controlled oscillator (VCO) with both optical
and electrical outputs. It can be used to make phase-locked
loop (PLL) and perform all functions that a PLL is capable
of for photonic systems. It can also be phase-locked to a
remote reference through optical injection and thus is useful
for high-frequency reference regeneration and distribution. We
will also demonstrate carrier recovery, clock recovery, high-
gain frequency multiplication, and comb frequency and pulse
generation using the OEO. By using self-phase-locked loop
and self-injection locking techniques, high-stability photonic
mm-wave references can be generated with the OEO.

The ring configuration consisting of an electrooptic modu-
lator which is fed back with a signal from the detected light at
its output has been previously studied by a number of investi-
gators interested in the nonlinear dynamics of bistable optical
devices [14]-[18]. The use of this configuration as a possi-
ble oscillator was first suggested by Neyer and Voges [19].
However, the interest of their investigations was primarily
focused on the nonlinear regime and the chaotic dynamics of
the oscillator. Our studies, by contrast, are specifically focused
on the stable oscillation dynamics, the noise properties of
the oscillator, and its applications in photonic communication
systems.

II. DEVICE DESCRIPTION

In an OEO [10]-[12], light from one of the output ports
of the E/O modulator is detected by the photodetector and
then is amplified, filtered, and fedback to the electrical-input
port of the modulator, as shown in Fig. 1(a). If the modulator
is properly biased and the small-signal gain of the feedback
loop is properly chosen, self-electrooptic oscillation will be
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Fig. 1. Device description of the OEO. (a) Device construction. (b) Func-
tional diagram.

sustained. Because both optical and electrical processes are
involved in the oscillation, both the optical subcarrier and the
electrical signal will be generated simultaneously. Note that
this ring oscillator is inherently unidirectional and immune to
the back reflections in the loop.

The OEO can be represented by a simple functional block
diagram, shown in Fig. 1(b). It is a six-port device, with
both optical- and electrical-injection ports, both optical- and
electrical-output ports, and two voltage-controlling ports. One
of the controlling ports is simply the bias port of the E/O
modulator, and the other one is connected to a fiber stretcher
for controlling the loop length. As will be shown below, the
two injections ports can be used to injection-lock the OEO
to a reference source either optically or electrically. The two
output ports provide outputs with an RF carrier in both optical
and electrical forms. Finally, the two controlling ports can be
used to tune the oscillation frequency and to make the OEO a
VCO. The six ports collectively make interfacing the oscillator
and a photonic RF system very simple.

We have built several such OEO’s using different modu-
lators and generated optical subcarriers as high as 9.2 GHz,
using a diode-pumped YAG laser at 1310 nm. Fig. 2(a) shows
the generated RF signal at 9.2 GHz, and Fig. 2(b) shows the
generated signal at 100 MHz. In both cases, the OEQ’s were
free-running, and no effort was made to reduce the noise. For
comparison, signal from a HP8656A signal generator is also
shown in Fig. 2(b), and the OEO clearly has higher spectral
purity than the HP8656A.

ITI. FUNDAMENTAL CHARACTERISTICS OF THE OEO

A. Threshold Condition

The threshold condition for the OEO can be derived by
setting the small-signal gain of the feedback loop, consisting
of the E/O modulator, the photodetector, and the RF amplifier,
to unity. The signal V,,(¢) at the output port of the amplifier
corresponding to an input signal Vi, (¢) at the driving port of
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the E/O modulator can be expressed as
Vour(t) = Vph{l — nsin W[‘/;n(t)/vw + VB/Vﬂ]} (D

where V,, = I,nRG4 is the photon-generated voltage at
the output of the amplifier, R is the load impedance of the
detector, G4 is the amplifier’s voltage gain, Iy = aPop/2 is
the detected photocurrent, P is the input optical power, p is
the responsivity of the detector, o is the fractional insertion
loss of the modulator, Vg is its bias voltage, V is its half-wave
voltage, and 7 determines the extinction ratio of the modulator
by (1+7)/(1~mn). From (1), the small-signal gain of the loop

can be obtained
Vg
. 2
OS< A ) ()

_ dVout B _777'['Vph .
Setting |Gs| = 1 yields the threshold condition for the OEO

Gs = =
5 Vi |y Va

Von = Vi /7 3

where 7 = 1 and Vg = 0 or V,; are assumed.

It is important to notice that the amplifier in the loop is not
a necessary condition for oscillation. So long as Ipp R > Vi /7
is satisfied, no amplifier is needed (G4 = 1). It is the optical
power from the pump laser that actually supplies the necessary
energy for the OEO. This property is of practical significance
because it enables the OEO to be powered remotely using
an optical fiber. Perhaps more significantly, however, the
elimination of the amplifier in the loop also eliminates the
amplifier noise, resulting in a more stable oscillator. For a
modulator with a V. of 3.14 V and an impedance R of 50
Q, a photocurrent of 20 mA is required for sustaining the
photonic oscillation without an amplifier. This corresponds to
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an optical power of 25 mW, assuming the responsivity p of
the photodetector to be 0.8 A/W.

B. Oscillation Frequency and Amplitude

Equation (1) is nonlinear but can be linearized if we force
the signal to pass through a RF filter with a bandwidth
sufficiently narrow to block all harmonic components. The
linearization process [12] yields

Vout (1) = G(Vo)Vin(t) @

where V,, is the amplitude of the input signal and G(V},), the
voltage-gain coefficient, is defined as

2V, 7V,
6v,) = G52z n () ©)

AN NI AN
2 (2V7,) T (2{/,,)
For a small-enough input signal (V, < V), we can recover

from (5) and (6) the small-signal open-loop gain of G(V,) =

Gs.

Although (4) is linear, the linearity coefficient G(V,) is

a nonlinear function of input amplitude and therefore the
nonlinear properties of the modulator is not lost. Because of the
quasi-linear relation, superposition principal holds so that we
can use the regenerative-feedback model [20], [21] to analyze
the OEO. From the analysis, we obtain the four most important
parameters of the OEO: the frequency fosc, the oscillation am-
plitude Vi, the linewidth and the oscillation-power spectral
density Srp(f’). The obtained oscillation frequency is

fose =(k+1/2)/7 for G(Voee) <0
fose =k/T  for G(Voee) >0

or approximately as

G(V,) =Gs O]

(7a)
(7b)

where k is an integer, representing different possible oscil-
lating modes and 7 is the total group delay of the loop,
including the physical-length delay of the loop and the group
delay resulting from dispersive components in the loop. For
all practical purposes, the sign of G(V,s.) is determined by
the small-signal gain G'g. It is interesting to notice from (7)
that the oscillation frequency depends on the biasing polarity
of modulator. For negative biasing (G s < 0), the fundamental
frequency is 1/(27), while for positive biasing (Gg > 0), the
fundamental frequency is doubled to 1/7.

The oscillation amplitude can be determined by setting
|G(Vose)| = 1, which yields

J ™ I/osc _ 1 ™ Vosc
Ve )| 2Gs] Vi

V:)sc = 2\/§Vﬂ‘ 1- “‘L
m G|

keeping second-order term in (6)

using (5) (8a)

(8b)
1/2
ALY (U S S
osc — T \/-3- |GS|
keeping all terms in (6). (8c)
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Equation (8a) can be solved graphically. Note that this
result is the same as that obtained by Neyer and Voges [19]
using a more complicated approach. The threshold condition of
|Gs| > 1is clearly indicated in (8b) and (8¢). Fig. 3(a) shows
the normalized oscillation amplitude as a function of |Gg|
obtained from (8a), (8b), and (8c), respectively. Comparing
the three theoretical curves, one can see that for |Gg| < 1.5,
(8b) is a good approximation. For |G| < 3, (8c) is a good
approximation.

We measured the oscillation amplitudes of the OEO for
different small-signal gains at an oscillation frequency of 100
MHz, and the data obtained is plotted in Fig. 3(b). It is evident
that the experimental data agreed well with our theoretical
predictions. In the experiment, the output 1-dB compression
power of the amplifiers chosen is much larger than the input 1-
dB compression power of the modulator, so that the oscillation
power is limited by the nonlinearity of the modulator.

C. Spectral Density

Finally, the power-spectral density of the OEO is found
[12] to be
)
(2m)*(rf)?
where f is the frequency offset from the oscillation frequency

fosc and & is the noise-to-signal ratio of the OEO and is defined
as

&)

SRF(f/> = (6/27’)2 I

§ = pnG% /[ Pose (10)

where px is the total noise-density input to the oscillator and
is the sum of the thermal noise pthermar = 4ksT(NF), the
shot noise pshot = 2elpn R, and the laser’s relative-intensity
noise (RIN) prix = Nrin/j, R densities [16], [17]:

(an

where kp is the Boltzman constant, T js the ambient tem-
perature, N F is the noise factor of the RF amplifier, e is the
electron charge, I}, is the photocurrent across the load resistor
of the photodetector, and Nyyy is the RIN noise of the pump
laser. In (9) 27 f'T < 1 is assumed.

It can be seen from (9) that the spectral density of the
oscillating mode is a Lorentzian function of frequency. Its
full width at half-maximum (FWHM) A fpwny 1S

1 9
A frwnm = B
T

PN = 4]€BT(NF) + 26[th + NRINIIZ)hR

o _ 1 Ghpy
72 21 72P

(12)

It is evident from (12) that A fpwmy is inversely pro-
portional to the square of loop-delay time and linearly pro-
portional to the input noise to signal ratio 6. For a typical
§ of 10716 /Hz and a loop delay of 100 ns (20 m), the
resulting spectral width is submilli Hertz. The fractional power
contained in A fpwum i8S A,fFWHMSRF(O) = 64%.

From (12), one can also see that for fixed pn and G4,
the spectral width of an OEO is inversely proportional to the
oscillation power, similar to the famous Schawlow-Townes
formula [22], [23] for describing the spectral width A fjace, of
a laser. However, because both P, and py are functions of
the photocurrent, the statement that the spectral width of an
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Fig. 3. Normalized oscillation amplitude of an OEO as a function of

small-signal gain Gs. (a) Theoretical calculation using (8a), (8b), and (8c).
(b) Experimental data and fitting to (8b) and (8c).

OEO is inversely proportional to the oscillation power is only
valid when thermal noise dominates in the oscillator at low
photocurrent levels.

It can be shown [24] that for an oscillator with a phase
fluctuation much less than unity, its power-spectral density is
equal to the sum of the single-side band phase-noise density
and the single-side-band amplitude-noise density. In most
cases in which the amplitude fluctuation is much less than
the phase fluctuation, the power-spectral density is just the
single-side-band phase noise. Therefore, it is evident from
(9) that when |f'| > A frwum/2, the phase noise of the
OEO decreases quadratically with the frequency offset f’. For
a fixed f/, the phase noise decreases quadratically with the
loop-delay time. The larger the 7, the smaller the phase noise.
However, the phase noise cannot decrease to zero no matter
how large the 7 is, because at large enough 7, the assumption
2r f'r < 1 no longer holds.

Equations (9) and (10) also indicate that the oscillator’s
phase noise is independent of the oscillation frequency fosc.
This result is significant because it allows the generation of
high-frequency and low-phase noise signals with the OEO.
On the contrary, the phase noise of a signal generated using
frequency-multiplying methods generally increases quadrati-
cally with the frequency.

We used the frequency-discriminator method [25] to mea-
sure the phase noise of the OEO. Fig. 4(a) is the log versus
log scale plot of the measured phase noise as a function of the
frequency offset f’. Each curve corresponds to a different loop-
delay time. Clearly, the phase noise has a 20-dB-per-decade
dependence on the frequency offset, in excellent agreement
with the theoretical prediction of (9).

Fig. 4(b) is the measured phase noise at 30 kHz from the
center frequency as a function of loop-delay time, extracted
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Fig. 4. Single-side-band phase noise of an OEO measured at 800 MHz. (a)
Measured phase-noise spectra at different loop delays and their fits to (9).
The corresponding loop delays for curves 1-5 are indicated adjacent to each
curve, and the corresponding oscillation powers are 16.33, 16, 15.67, 15.67,
and 13.33 dBm, respectively. Curve fitting yields the following phase-noise
relations as a function of frequency offset f': —28.7 — 20 log(f’), —34.84
— 20 log(f'). —38.14 — 20 log(f'), —40.61 — 20 log(f'),and —50.45 —
20 log(f'). (b) Phase noise at 30 kHz offset from the center frequency as a
function of loop delay. Data points were extracted from curves 1-5 of (a) and
were corrected to account for oscillation-power differences.

from the different curves of Fig. 4(a). Because the loop delay
is increased by adding more fiber segments, the small-signal
gains of the oscillator of longer loops decrease as more
segments are connected, causing the corresponding oscillation
power to decrease. From the results of Fig. 6 below, the phase
noise of the OEQ decreases linearly with the oscillation power.
To extrapolate the dependence of the phase noise on the loop
delay only, each data point in Fig. 4(b) is calibrated using
the linear dependence of Fig. 6, while keeping the oscillation
power of all data points at 16.33 mW. Again, the experimental
data agree well with the theoretical prediction.

To confirm our prediction that the phase noise of the OEO
is independent of the oscillation frequency, we measured the
phase-noise spectrum as a function of the oscillation fre-
quency, and the result is shown in Fig. 5(a). In the experiment,
we kept the loop length at 0.28 us and varied the oscillation
frequency by changing the RF filter in the loop. The frequency
was fine-tuned using an RF stretch-line phase shifter. It is
evident from Fig. 5(a) that all of the phase-noise curves at
frequencies 100 MHz, 300 MHz, 700 MHz, and 800 MHz
overlap with one another, indicating a good agreement with
the theory. Fig. 5(b) is a plot of the phase-noise data at 10
kHz as a function of the frequency. As predicted, it is a flat
line, in contrast with the case when a frequency multiplier is
used to obtain higher frequencies from 100 MHz. This result
is significant because it confirms that the OEO can be used to
generate high-frequency signals up to 75 GHz with a low phase
noise, a performance unattainable with frequency-multiplying
techniques.
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Fig. 5. Single-side-band phase-noise measurements of the OEO at different
oscillation frequencies. (a) Phase-noise spectra. (b) Phase noise at 10 kHz
offset frequency as a function of oscillation frequency, extracted from (a).
The Ioop delay for the measurements is 0.28 us.

We have also measured the phase-noise spectrum of the
OEO as a function of oscillation power, and the results are
shown in Fig. 6. In that experiment, the loop delay of the
OEO was 0.06 pus, the noise figure of the RF amplifier was
7 dB, and the oscillation power was varied by changing the
photocurrent [,;,. With this amplifier and the photocurrent
level (~2.5 mA), the thermal noise in the oscillator dominates.
Recall that in (9), the phase noise of an OEO is shown to be
inversely proportional to the oscillation power. This is true if
the gain of the amplifier is kept constant and the photocurrent
is low enough to ensure that the thermal noise is the dominant
noise term. In Fig. 6(a), each curve is the measurement data
of the phase-noise spectrum corresponding to an oscillating
power, and the curves in Fig. 6(b) are the fits of the data to (9).
Fig. 6(c) is the phase noise of the OEO at 10 kHz as a function
of the oscillation power, extracted from the different curves of
Fig. 6(b), and agrees well with the theoretical prediction of (9).

IV. VCO FUNCTIONS

As mentioned above, the oscillation frequency of the OEO
can be tuned by changing the loop length using a piezoelecttic
stretcher. The frequency change Af is given by Af =
—foAL/L, where L is the loop length, AL is the loop-
length change, and f, is the nominal oscillation frequency.
However, the tuning sensitivity (Hz/volt) is expected to be
small.

The oscillation frequency can also be tuned by changing the
bias voltage of the E/O modulator. Fig. 7(a) shows that the
frequency detuning of the oscillator is linearly proportional to
the bias voltage, with a slope of 38.8 kHz/V. The output power
of the oscillator remain relatively unchanged in a wide voltage
range, as shown in Fig. 7(b). This result is significant because
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it provided a simple way to tune the oscillation frequency with
high sensitivity and is instrumental for realizing PLL using the
OEOQO, as will be discussed next.

V. SYNCHRONIZATION AND STABILIZATION

A. Injection Locking

Injection locking {26], [27] is a commonly used technique
for synchronizing an oscillator with a reference frequency.
A unique aspect of the OEO is that it can be injection
locked by either an optical signal or an electrical signal, as
shown in Fig. 1(b). Injection locking an oscillator optically
is important because it allows remote synchronization [28],
[29]. This function is critical for high-frequency RF systems
which require many oscillators locked tc a single master, as
in a phased-array radar [2], [28]. Another advantage of optical
injection locking is that the locking oscillator is electrically
isolated from the locked oscillator, eliminating the need for
impedance matching between the oscillators.

Fig. 8(a) shows the experimental results of injection lock-
ing the OEO with a maser reference at 100 MHz through
the electrical-injection port. Similar results are expected for
optical injection since the optical-injection signal will first be
converted to an electrical signal by an internal photodetector
in the loop before affecting the E/O modulator. As shown in
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voltage. (b) Oscillation power versus bias voltage.

Fig. 8(a), with an injection power of —5 dBm, the phase noise
of the OEO is almost identical to that of the injecting-maser
signal. Note that the output RF power of the OEO is 13 dBm,
resulting in a gain of 18 dB. As the injection power decreased,
the phase noise of the OEO increased somewhat. However,
the output RF power remains the same and therefore the gain
is effectively increased. In the experiments, we were able to
injection lock the OEO to a maser reference with an injection
power as low as —50 dBm.

Fig. 8(b) shows the experimental result of the locking
range as a function of injection power. As expected, the
locking range is linearly proportional to the square-root
of the injection power, agreeing well with Adler’s
injection-locking theory [26].

B. Self-Injection Locking

Although injection locking is an effective way for synchro-
nizing and stabilizing oscillators, it requires a low-noise and
high-stability source to begin with. Making a high-frequency
and high-stability source itself is a difficult task. By using
a novel scheme called self-injection locking to stabilize the
OEO, the OEO may be made as the frequency reference,
as illustrated in Fig. 9(a). In this scheme, we derive a small
portion of the output optical signal from the OEO and send it
through a long fiber-delay line. The output from the fiber-delay
line is then converted to electric signal and is fed back to the
RF driving port of the E/O modulator. Note that the open-loop
gain of this feedback loop should be kept much below unity so
that no self-oscillation can be started. Basically, what we do
here is to inject a delayed replica of the OEO’s output back to
the oscillator and force the oscillator to lock to its “past.” This
will prevent the oscillator from changing its frequency and
phase and hence reduce the frequency and phase fluctuations.
The frequency stability of the oscillator then is expected to be
proportional to the length fluctuation AL/L of the fiber delay
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Fig. 9. Demonstration of self-injection locking. (a) Illustration of the

self-injection locking concept. (b) Experimental result.

line, which may be stabilized by temperature control against
thermal variations.

Fig. 9(b) is the experimental results showing the effective-
ness of the self-injection technique in reducing the frequency
noise of the OEO. The length of the delay line used in the
experiment is 12 km and the feedback injection RF power is
—19.23 dBm. It is evident that self-injection locking greatly
reduced the frequency fluctuations of the OEO. Further noise
reduction is expected if we reduce the length fluctuation of
the fiber-delay line by placing it in a temperature-controlled
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Fig. 10. Illustrations of phase-locking the OEO using a PLL. (a) Phase
locking to a reference source. (b) Phase locking to its past or self-phase
locking.

environment and isolating it from acoustic vibrations. More
experiments are under way to further reduce the noise of the
self-injection-locked OEO.

C. PLL

Because the OEO is also a VCO, it can be synchronized to
a reference source via a PLL [30], as shown in Fig. 10(a). We
have demonstrated this phase-locked loop capability in our
laboratory.

D. Self-Phase Locking

As mentioned before, a unique property of the OEO is that
it has an optical output. With this optical output, we can make
a self-phase-locked loop to stabilize it, as shown in Fig. 10(b).
Similar to the self-injection locking described earlier, the self-
phase-locked loop forces the oscillator to be locked to its past
and reduces its fluctuations.

The technique of delay-line discriminator for stabilizing an
oscillator is well known. To effectively stabilize an oscillator,
a delay of many kilometers is needed and was therefore
considered impractical before the emergence of the photonic
technology. In our laboratory we have previously demonstrated
[31] the use of a fiber-optic delay line to stabilize a tradi-
tional VCO and obtained excellent results. However, in that
setup, the fiber-optic delay line included a laser transmitter
to convert the VCO’s electrical output into optical signal
and then transmit the optical signal through a few kilometers
of fiber. Since the OEO automatically contains an optical
output, it is ideal for using the fiber-delay line technique to
stabilize itself without the need of electrical-to-optical signal
conversion. Consequently, the device is simple, low-loss, and
less expensive.

VI. APPLICATIONS

A VCO

As mentioned earlier, the OEO is a special VCO with
optical as well as electrical output. Therefore it can perform all
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functions that a VCO is capable of for photonic RF systems.
These functions include [30] generating, tracking, cleaning,
amplifying, and distributing RF carriers. The photonic VCO’s
in a PLL configuration can also be used for clock recovery,
carrier recovery, signal modulation and demodulation, and
frequency synthesis.

B. Photonic-Signal Mixing

The OEO can also be used for photonic-signal up/down
conversion [4], as shown in Fig. 11. For such an application,
a stable optical RF LO, or a modulated optical signal at a
RF frequency, is required. The OEO can accomplish just that,
since one of its outputs gives the RF oscillation in optical
domain.

C. Carrier Distribution

Because the OEO can be injection locked by a remote-
optical signal, it can be used for high-frequency RF car-
rier regeneration, amplification, and distribution, as shown in
Fig. 12. Such a capability is important in large photonic RF
systems.

D. Frequency Multiplication

The injection-locking property of the OEO can also be used
for high-gain frequency multiplication. In the first scheme,
as shown in Fig. 13(a), the nonlinearity of the modulator is
used and the OEO is injection-locked to an external signal
which is a subharmonic of the oscillator’s operating frequency.
This is the so-called subharmonic injection locking [32]. We
have demonstrated phase-locking the oscillator operating at
300 MHz to a 100-MHz reference of 4 dBm. The output of
the oscillator is 15 dBm, resulting in a gain of 11 dB and
frequency-multiplication factor of 3.

In the second scheme, the nonlinearity of a laser diode
[28] is used, as shown in Fig. 13(b). If the laser is biased
properly and is driven hard enough, its output will contain
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Fig. 14. Demonstration of comb frequency and pulse generation using the
OEO. (a) Comb-frequency generation. (b) Square-pulse generation.

many harmonics of the driving signal. The OEO is tuned to
operate at a nominal frequency close to the nth harmonic of the
reference signal driving the laser diode. Upon the injection of
the laser’s output, the OEO will be locked to the nth harmonic.
This scheme offers remote frequency-multiplication capability
[33] and may be useful for many photonic RF system.

E. Comb Frequency and Pulse Generation

The OEO can also be used to generate frequency combs and
pulses, as shown in Fig. 14. For this application, the OEO is
chosen to operate with multimodes. A sinusoidal signal with
a frequency equal to the mode spacing or a multiple of mode
spacing is injected into the oscillator. Just like laser mode-
locking, this injected signal will force all modes to oscillate in
phase. Consequently, we obtain a comb of frequencies that are
in phase. In the time domain, the output signal is square pulses.

F. Clock and Carrier Recovery

In high-speed fiber-optic communication systems, the ability
of recovering clock from the incoming random data is essential
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[34], [35]. The same injection-locking property of the OEO can
also be used for clock and carrier recovery. The incoming data
is injected into the OEO either optically or electrically. The
free-running OEO is tuned to oscillate at a nominal frequency
equal to the clock frequency of the incoming data. With
the injection of the data, the OEO will be quickly locked
to the clock frequency of the data stream while rejecting
other frequency components (harmonics and subharmonics)
associated with the data. Consequently, the output of the
locked OEO is a continuous periodic wave synchronized with
the incoming data, or simply the recovered clock. As can be
seen, the device has both electrical and optical inputs and both
electrical and optical outputs.

We have demonstrated [36], [37] clock recovery at 100
Mb/s and 5 Gb/s and obtained excellent results. Data rates
up to 75 Gb/s can also be recovered using the injection-
locking technique with a OEO operating at 75 GHz. Note
that the data rates at one-half of this value are impossible to
achieve with the current electronic clock-recovery techniques.
Another important feature of the OEO technique is that the
clock can be recovered directly from data just out of a fiber-
optic transmission line, without the need of optical-to-electrical
conversion. In addition, the recovered clock signal has both
optical and electrical forms and is easy to interface with a
fiber-optic communication system.

Similar to clock recovery, a carrier buried in noise can also
be recovered by the OEO. To do so, we simply inject the
spoiled carrier into a OEO that has a free-running frequency
close to the carrier and an output power level N(N > 1) dB
higher than the carrier. The injected carrier forces the OEO to
be locked with the carrier and results in an equivalent carrier
gain of N dB. Because the small-signal gain of the OEO is
only n dB (n ~ 1), the noise of the input is only amplified by n
dB and the signal-to-noise ratio of the carrier is then increased
by (N — n) dB. We have also demonstrated [36], [37] the
recovery of carrier from noise and increased carrier-to-noise
ratio by 50 dB.

VII. SUMMARY

In summary, we have reported a novel photonic oscillator
which we termed OEO. We have presented the theoretical
expressions for the oscillation threshold, amplitude, frequency,
linewidth, and spectral density of the OEQO. These results
agrees with our experimental data. We have also shown
that this device is capable of generating stable signals at
frequencies up to 75 GHz and is a special VCO with both
optical and electrical output. It can be used to make a PLL
and perform all functions that a PLL is capable of for photonic
systems. It can be synchronized to a reference source by
means of optical-injection locking, electrical-injection locking,
and PLL. It can also be self-phase locked and self-injection
locked to generate high-stability photonic RF reference. Its
applications includes high-frequency reference regeneration
and distribution, high-gain frequency multiplication, comb-
frequency and square-wave generation, carrier recovery, and
clock recovery. We anticipate that such photonic VCO’s will
be as important to photonic RF systems as electrical VCO’s
to electrical RF systems.
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