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The Optoelectronic Oscillator (OEO) was first demonstrated in 1996 as a low phase noise RF source. Low phase noise RF sources
have uses for multiple applications, ranging from analog to digital converters to radar to metrology. In the past sixteen years, the
OEO has been shown to be useful for other signal processing applications. This paper will provide a background of the OEO’s
principles of operation, as well as multiple examples of signal processing applications where the OEO can be used. The OEO can

be applied to both analog and digital problems, providing new techniques to solve these challenges.

1. Introduction

As the demand for high speed signal processing increases,
methods utilizing photonics have grown in popularity to
address this need. High speed signal processing is a gen-
eral term that incorporates techniques and technologies to
address many different applications. Examples of these appli-
cations cover a broad range, from analog RF systems such
as radars and medical ultrasound imaging, to digital systems
covering all the way from long distance communication net-
works to on-chip interconnects in computers. Photonic signal
processing has been shown to address the needs of these
systems due to the large instantaneous bandwidth (>40 GHz),
low loss (0.2 dB/km in optical fiber) and immunity to elec-
tromagnetic interference. One of the common signal pro-
cessing requirements these varied applications share is the
need for very precise timing. Doppler radars require very low
phase noise clock sources in order to minimize uncertainty
of objects that are being tracked [1]. As optical digital
networks have been shown to transmit an aggregate of 10 Tb/s
of data [2], they require low phase noise clocks for multiplex-
ing the data streams on the entire network. Other applica-
tions requiring low phase noise clocks include sampling for
analog to digital converters [3, 4], clock recovery [5], and
pulse sources [6]. The Optoelectronic Oscillator, heretofore
referred to as the OEO, is a photonic system that can provide
very low phase noise clock signals. In this paper, I will

provide some background for the needs for a low phase noise
oscillators and present the basic operation of the OEO for
low noise signal generation. I will then highlight different
demonstrations of the OEO, with an emphasis on different
applications to high speed signal processing.

2. Need for Low Phase Noise Oscillators

As mentioned above, the need for photonic low phase noise
oscillators covers many different applications from very small
scales to very large. In computers, on-chip optical intercon-
nects are being investigated to overcome the clock skew and
speed limitations that copper interconnects currently exhibit
[7, 8]. In addition, as the processing speeds of the chips
increase beyond 1 GHz, the requirement on the phase noise
of the data clock becomes more stringent. Thus a photonic
low phase noise clock that synchronizes the data bus on the
chip becomes very important. On the opposite end, optical
networks are used to send voice, video, and internet data of
10 Gb/s or higher over thousands of kilometers [9]. The ability
to synchronize these signals for proper routing and pro-
cessing is essential to meeting the ever increasing demand
for bandwidth. Again the low phase noise photonic clock
becomes a key part of the network. A final example of the
importance of low phase noise photonic clocks is in their
use in analog to digital converters (ADCs). The sample and



hold circuit of the ADC depends on a very low jitter clock to
operate correctly. Any error in the timing of the clock can lead
to degraded signal to noise ratio for the ADC, which directly
affects the effective number of bits [10]. As a measure of this,
one can look at the following relationship between timing
jitter and signal to noise ratio can be written as SNR(dB) =
20108,(1/271f ¢ tier) and SNR(AB) = 6.02Nyy, + 1.78 [11],
where f.; is the frequency of an input sinusoidal signal to
the ADGC, fj;, is the timing jitter of the clock, and Ny is
the effective number of bits of the ADC. Then the following
relationship can be derived ;= (1/ foamp 2Mis*2) wwhere
Ssamp = 2* fy¢ is the sampling frequency of the ADC. Plotting
this relationship in Figure 1 shows the required timing jitter
for a given effective number of bits and sampling rate of the
ADC. As the ADCs have increased to sampling rates of 1 GHz
and higher, the requirement to get even 10 effective number
of bits forces the timing jitter to be on the order of tens of
femtoseconds. Thus these devices place the most stringent
requirements on the phase noise of the clock and are one of
the strongest drivers for low phase noise sources.

3. Phase Noise and Timing Jitter

Before introducing the basic OEO, a brief overview of phase
noise and its relationship to timing jitter is presented. In
characterizing oscillators of any type, the common measure-
ment that is made of the frequency fluctuations is called the
phase noise measurement. At least two formal definitions
of phase noise have been presented in the literature, which
can lead to some confusion [12]. However in the case of the
OEOQ, the commonly accepted definition of the phase noise
(denoted as Z(f)) is the single-side band power spectral
density (PSD) of the generated RF signal from the OEO. The
PSD is normalized to the power of the RF signal and has units
of dBc/Hz. Often, the phase noise is quoted as a single value
measured at a frequency offset from the carrier. To show what
the general shape of the phase noise spectrum, a theoretical
phase noise plot of an OEO is presented in Figure 2. The
OEO is dominated by different sources of noise at different
frequency offsets [13]. In the 1Hz to 10 Hz frequency offset
range, the noise is dominated by environmental fluctuations,
caused by temperature variations and acoustic vibrations and
has a slope of f™*. In the 10 Hz to 1kHz frequency offset
range, the noise is dominated by flicker phase noise from the
RF amplification stage necessary for most OEOs to oscillate
and has a slope of . The next frequency range of 1kHz to
30 kHz is dominated by white phase noise and has a slope of
£ Finally, at frequency offsets of 30 kHz and higher, the
phase noise has a flat noise response that is due to the next
non-oscillating side mode of the OEO.

For most applications, especially those involving timing
of digital signals, timing jitter is the preferred metric for
determining the quality of the clock signal. From the mea-
sured phase noise spectrum such as the one in Figure 2, the
total noise can be derived. In general this is written as
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FIGURE 1: Required timing jitter for an analog to digital converter at
asampling rate between 1and 40 Gs/s for 8,10, 12, 13, and 14 effective
number of bits resolution.
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FIGURE 2: Theoretical phase noise plot showing the different influ-
ences of noise on the power spectral density at frequency offsets
from 1 Hz to 1 Mhz from the carrier.

where 0, is the total rms noise and f,,,, and f,;, are the
maximum and minimum frequency offsets that the phase
noise is integrated over. If the amplitude noise of the signal
(0,) is negligible, the rms timing jitter (0;) can be obtained
by the following relationship o; = 0, /(27tf,¢) with f¢ is the
RF frequency of the clock. In the case when the amplitude
noise is not negligible, some further work is needed to extract
the timing jitter contribution to the total noise. If the higher
harmonics of the RF signal can be measured, it has been
shown previously [14] that the amplitude noise and timing
jitter components can be separated from the overall measured
noise by the following relationship o> = n’ (27Tfrf)2cr]2. +0°
with 7 is the n-th harmonic of the RF signal being measured.
The noise power spectral density of both the timing jitter and
the amplitude noise can be seen plotted in Figure 3. Note the



ISRN Electronics

a+b(f/frep)’

Normalized power spectra (a.u.)

1 2 3 4 5 6 7

Harmonics of RF carrier

— Timing jitter noise
- -~ Amplitude noise

FIGURE 3: Theoretical noise power spectral density for multiple har-
monics of the RF frequency showing the timing jitter and amplitude
noise contributions.

amplitude noise spectra is arbitrarily plotted broader than the
timing jitter noise in order to differentiate the two sources of
noise and is not necessarily representative of a real system.
As the noise of each harmonic is measured, it will increase
quadratically with the timing jitter noise while the amplitude
noise contribution is constant. Thus if one can measure the
noise of a sufficient number of harmonics and then fit the
results to a curve, the timing jitter and amplitude noise
contributions can be determined. This is especially applicable
to the pulse source OEOs that are described later.

4, Basic Operation of the OEO

The use of the OEO for low phase noise signal generation was
first proposed by Yao and Maleki [15-17] in 1996. The OEO is
similar to the optoelectronic feedback circuits demonstrated
by Neyer and Voges [18] in 1982, Nakazawa et al. [19] in
1984, and later by Lewis [20] in 1992. As seen in Figure 4, the
OEO starts with a continuous wave laser which is fed into
an intensity modulator. The optical output of the intensity
modulator is then passed down a long optical fiber delay line
and into a photodiode. The recovered electrical signal is then
amplified and passed through an electronic bandpass filter.
The output of the filter is then connected to the RF input of
intensity modulator in order to complete the optoelectronic
cavity. When the gain of the cavity is greater than the loss,
the OEO will begin to oscillate. The electronic bandpass filter
selects the frequency of oscillation by attenuating the other
free-running modes of the cavity below threshold.

The OEO differs from the previous optoelectronic circuits
by making use of the very low loss of the optical fiber delay
line to create a cavity with a very high Q factor. The Q factor
can be defined as the ratio of the stored energy in the cavity
over the loss of the cavity. Since the loss of the fiber delay line
is on the order 0.2 dB/km, a very long fiber can store a large
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FIGURE 4: Diagram of a basic optoelectronic oscillator. PD: photo-
diode, Opt. Mod: optical modulator.

amount of energy with very little loss. Because of this the Q
factor of the OEO can easily achieve the level of 10° or higher.
This translates to a 10 GHz clock signal with a phase noise of
—-140 dBc/Hz at 10 kHz offset [15]. Note that there is a limit
to the improvement of the phase noise as the length of fiber
increases. As shown by Lasri et al. [21], the improvement in
the timing jitter, derived from the phase noise as shown in
(1), of an OEO has an inverse square root dependence on
the fiber length. The limitations are due to the random fiber
length variations due to small fluctuations in the environment
around the fiber span.

The advantage of the OEO is that the high performance
comes with the use of commercially available parts that are
inexpensive. Once the first OEO was demonstrated, multiple
demonstrations have been presented to improve on the initial
design as well as using OEOs for other applications than
simply low phase noise RF signal generation.

5. Multi-Loop OEO

One of the disadvantages of the initial OEO design was
the limitation of the electrical bandpass filter to remove
unwanted side modes from the signal. To achieve the highest
Q factors for the OEO, the fiber length must be maximized.
Unfortunately as the fiber length increases, the spacing
between the cavity modes decreases. For example, a 3km
length of fiber will yield a cavity mode spacing of approxi-
mately 67 kHz [21]. A high quality electrical bandpass filter
at 10 GHz has a 3 dB bandwidth of 10 MHz [22]. Thus many
non-oscillating side modes will still continue through the
electrical bandpass filter and show up in the phase noise
measurement. One method to reduce this problem was to
introduce a second fiber length into the OEO cavity [23]. An
example of this type of OEO is shown in Figure 5. The second
loop of the OEO will have its own set of cavity modes. As long
as the length of the second loop is not a harmonic multiple
of the first loop, the cavity modes will not overlap with each
other, as seen below the OEO in Figure 5. However the modes
from each loop which are closest to each other will lock and
suppress the other cavity modes. This can be seen in Figure 6,



‘ Laser H Mod. | w

Electrical .
output NT ° A
Hf ! Second XA
L | =]
E=r S

Second delay

r

|||]
I
1
\

/

-
-,

Self-injection
locking

P

FIGURE 5: Diagram of a dual-loop optoelectronic oscillator along
with the cavity modes within the filter passband for the two fiber
delays. PD: photodiode, Mod: optical modulator, EBF: bandpass
filter.

which shows the single loop phase noise spectrum with the
side modes along with the dual loop spectrum with the side
modes suppressed below —110 dBc/Hz. The tradeoft of the
system is the phase noise is now an average of noise of the
two loops individually, not the phase noise of just the longer
loop. In addition, since both loops support the side modes,
they are not completely eliminated, but merely suppressed.
Nevertheless many demonstrations have been made with
the multi-loop OEO in order to suppress the side modes
[24-26)].

In order to address the shortcomings of the multiloop
OEOQ, a dual cavity OEO was conceived and demonstrated by
Zhou and Blasche [27], in which a master-slave configuration
was used. In this demonstration, a short loop OEO, known as
the slave, is injection locked by a longer loop OEO, known
as the master. An example of the master slave OEO appears
in Figure 7. Equivalent systems using electronic oscillators
have shown that the slave oscillator will have the phase noise
performance of the master oscillator. In this case, the overall
system has the widely spaced cavity modes of the short loop
OEO while having the phase noise performance of the longer
loop OEO. The demonstrated phase noise of the generated
10 GHz RF signal is —130 dBc/Hz at an offset of 1kHz [27].
The non-oscillating side modes are less than —140 dBc/Hz,
which are lower than the side modes in the dual-loop configu-
rations shown previously [23]. This configuration avoids the
averaging of the two fiber loops phase noise, with the added
complexity of having two entirely separate OEO cavities. Fur-
ther work has been done to analyze this system more closely
and further demonstrations have been made [28, 29].
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FIGURE 6: Measured phase noise of the single loop and dual-loop
OEO showing the non-oscillating side mode suppression below
-110 dBc¢/Hz.

6. OEOs without Electrical Filters

As previously mentioned, the electrical bandpass filter cannot
suppress the non-oscillating sidebands of a long cavity OEO
because the modes are too closely spaced together. These
side modes are so finely spaced than an electrical filter is
unable to suppress them. In addition, the electrical filter is
not widely tunable so the RF frequency generated by the OEO
is fixed. By removing the filter, the OEO can now be tuned
over large frequency ranges. Various methods have been
investigated to allow the OEO to oscillate without the use of
the electrical bandpass filter. An initial demonstration used
the Stimulated Brillouin Scattering (SBS) process to pro-
vide a narrow bandwidth gain at 10 GHz to generate an
RF signal without the need for the electrical bandpass filter
[30]. Further works have proceeded to use this idea to make
tunable frequency OEOs since the filter no longer limits the
oscillating frequency [31].

Another method is to use an optical filter in the OEO cav-
ity that can have possibly better performance than the elec-
trical bandpass filter. A demonstration using a 1000 finesse
Fabry-Perot filter inside the OEO cavity has been shown to
select a single frequency [32]. The resulting RF signal has
lower phase noise than the same OEO using an electrical
bandpass filter. A further demonstration also provides a
method for tuning the frequency of the RF signal over a range
of 4 MHz by using single side band modulation as opposed to
the more common dual side band modulation format [33].

A different demonstration uses the injection locking
of a Fabry-Perot laser diode (FP-LD) to generate a certain
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FIGURE 7: Diagram of a master-slave optoelectronic oscillator. DFB: distributed feedback laser, PD: photodiode, MZM: Mach Zehnder mod-

ulator, EBF: electrical bandpass filter.

frequency which will then oscillate in the OEO cavity without
the need of the electrical bandpass filter. The FP-LD can
selectively add gain to one of the modes of the OEO cavity,
allowing the chosen one to oscillate while suppressing the
others. One of the advantages of this system is that the OEO
frequency is now tunable over a 4 GHz range from approx-
imately 6 to 10 GHz [34]. The ability to tune the RF signal
frequency comes from changing the wavelength of the FP-LD
by tuning its temperature. This in turn changes the oscillation
condition of the OEO.

Another configuration for an OEO without an electrical
bandpass filter is to use a photonic microwave filter based
on recirculating delay lines [35]. By replacing the long single
pass fiber delay line in the OEO cavity with two recirculating
delay lines, the fiber will act like a microwave filter that sup-
ports only a specific oscillating frequency. The oscillating
frequency can be changed by changing the length of the two
recirculating delay lines. The demonstration shows oscillating
frequencies as high as 2.9 GHz. To achieve higher frequency
oscillations, the use of fiber ring resonators can be used. A
demonstration of an OEO with fiber ring resonators and an
investigation into the noise properties of these types of OEOs
has been made [36, 37].

OEOs without an electrical bandpass filter can be useful
for other applications. For the OEO to be used in satellites
or on computer chips it needs to be miniaturized. Replacing
both the long fiber delay and the filter can allow the OEO
to be shrunk to chip scale size. One method has used an
atomic vapor cell as the frequency selective component in
the OEO [38]. For this demonstration, the long fiber delay in
the OEO is replaced with a hot rubidium atomic vapor cell.
The atomic cell has very narrow electromagnetically induced
transparency (EIT) resonances that have been used for atomic
reference clocks. These same narrow EIT resonances can be
used to stabilize the oscillating frequency of the OEO without
the need of an electrical bandpass filter. While an atomic cell
OEO does not have the ability to be tuned like the other
demonstrations, it can be miniaturized [39].

In another attempt to make a miniaturized OEO while
still providing low phase noise RF signal generation, the fiber
delay and electrical bandpass filter in the OEO cavity have
been replaced with a whispering gallery mode resonator [40-
42]. Using silicon microspheres, very high-Q cavities can be
made in sub-millimeter dimensions that can be integrated

with the other components of the OEO in order to put the
whole system on a single chip. These types of OEOs have
potential applications in satellites for GPS where physical
space is at a premium and a precise clock signal is needed
to synchronize the GPS signals. Further work has shown that
such an OEO can provide low phase noise RF signals without
the need for an electrical RF filter [43] at frequencies as high
as 34.6 GHz.

7. Optical Pulse Generation OEO

While the previously described demonstrations of OEOs have
focused on generating electrical signals, low phase noise
optical pulses have uses for applications in optical networks
[2] and in optical sampling [44]. Previous systems have been
demonstrated using actively mode locked lasers with very
low phase noise. However these demonstrations have utilized
very low phase noise RF clocks like the Poseidon oscillator
[45, 46]. Unfortunately the Poseidon oscillator has a fixed
frequency output around 10 GHz and is extremely expensive.
However the OEO can be used as a cheaper and more
frequency flexible solution providing similar phase noise
performance. One example of an optical pulse train generated
by an OEO is the coupled OEO (C-OEO) presented by Yao
et al. [47]. As seen in Figure 8, in this configuration, the
intensity modulator in the OEO is also the same as the one
used in an actively-modelocked fiber laser configuration.
The pulse repetition rate is determined by the frequency of
the OEO and the timing jitter of the optical pulses matches
closely to the low phase noise of the RF signal generated by the
OEO. A demonstration of the C-OEQ showed the phase noise
of the optical pulses is —140 dBc/Hz at 10 kHz oftset [48].

In other configurations, the intensity modulator used in
the OEO is an electro-absorption modulator (EAM) [21]. Due
to the nonlinear response of the EAM, optical pulses are
generated in the OEO cavity. The advantage of this system
as compared to the C-OEOQ is that the optical pulses and the
electrical signal are generated directly from the same cavity,
without requiring a separate cavity for the optical pulses. The
measured phase noise of the optical pulses matches the phase
noise of the electrical RF signal from the OEO. However
the width of the pulses generated by the EAM-OEO is
limited by the EAM’s response. The EAM-OEO has also been
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FIGURE 8: Diagram of a coupled optoelectronic for generating opti-
cal pulses along with an RF signal. EDFA: erbium-doped fiber amp-
lifier, PD: photodiode, Mod: optical modulator, EBF: bandpass filter,
OBEF: optical bandpass filter, ODL: optical delay line.

demonstrated with the multi-loop configuration to suppress
the non-oscillating side modes [49].

A further advancement of the EAM-OEO as a low phase
noise optical pulse source is the ability to generate multiple
optical pulse trains, each at a different wavelength, simul-
taneously [50]. As seen in Figure 9, eight wavelengths are
multiplexed together at the input of the EAM. One of the
wavelengths is chosen by an optical filter in order to oscillate
in the cavity and generate the low phase noise RF signal.
Since this same RF signal is used to modulate the wavelengths
in the EAM, all of the pulse streams have the same phase
noise and they are all synchronized. Such a system is useful
for distributing multiple, synchronized, low phase noise
clock signals over an optical network. The EAM-OEO has
been demonstrated to modulate wavelengths over a range of
100 nm with the same pulse shape and approximate width.
However this system requires multiple lasers at the given
wavelengths in order to generate the multiple optical pulse
trains.

As stated above the EAM-OEO is limited in pulse width
by the response of the EAM and needs a different laser for
each wavelength that it wishes to generate. A method to
improve upon both these limitations is to use the EAM-OEO
in a regeneratively mode locked fiber optic parametric oscil-
lator (RML-FOPO) [51]. The RML-FOPO has the ability to
generate two tunable optical pulse streams with very low
phase noise and shorter pulse widths from just one laser.
The configuration of the RML-FOPO is shown in Figure 10.
The pulses have been compressed by 60% to 70% (5.9 ps and
3.9 ps) as compared to the original pulse widths (15 ps) from
the EAM-OEO while the timing jitter has been improved
by 68% (230 fs from 710 fs). The timing jitter and amplitude
noise are both improved by using the RML-FOPO as opposed
to the FOPO being driven by a commercial signal source. The
wavelength range covered by the RML-FOPO is wider than
that of a conventional erbium-doped fiber amplifier (EDFA)
laser since the RML-FOPO has gain in wavelengths outside
the gain spectrum of a traditional EDFA.

While demonstrations have focused on the generation
of short optical pulse trains from OEOs, the OEO should
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be able to generate digital clock pulses that are square. One
way to do this is to directly modulate the laser as opposed
to using an external modulator. In the case of direct laser
modulation, the use of a vertical cavity surface emitting laser
(VCSEL) in an OEO is of particular interest [52]. The VCSEL
was chosen as this was a laser that was being looked at
for use in short distance optical interconnects for computer
architectures [53]. By biasing the laser at different points,
different optical pulse streams can be generated. As seen in
Figure 11, the VCSEL-OEO can generate both sinusoidal RF
signals as well as square clock pulses. In order to determine
the timing jitter, the phase noise is measured and the total
noise is then calculated using (1). Since the source has mul-
tiple harmonics that are measurable, the timing jitter and
amplitude noise components are 749 fs and 3%, respectively.
Again the multi-loop configuration can be used to suppress
the non-oscillating side modes [49]. The side modes are
suppressed by about 15dB in this case. Work using 850 nm
VCSELs in OEOs continues to be explored [54].

Other methods exist to generate short optical pulses from
an OEO. One example uses a heterojunction bipolar pho-
totransistor (photo-HBT) to drive a mode-locked diode
laser [55]. The resulting optical pulses are 15ps wide with
a 10 GHz repetition rate. An advancement of this uses the
photo-HBT in a coupled OEO with an intracavity fiber optic
parametric optical amplifier (FOPA) as the gain medium [56],
as opposed to the EDFA used in the original C-OEO. The
FOPA’s gain response time is on the order of a few femto-
seconds, as opposed to the gain response time of a few mil-
liseconds for the EDFA. Thus the optical pulses at 10 GHz
can be compressed to as low as 3 ps wide when the proper
conditions are met. Even though the pulses are compressed,
the measured phase noise is still less than —100 dBc/Hz at a
1kHz frequency offset. Overall there continues to be a strong
interest in using OEOs for optical pulse generation with low
phase noise.

8. OEO with Other Optical Modulators

While the main focus has been on intensity modulation using
either an MZM or an EAM as the optical modulator in the
OEOQ cavity, other types of modulators can be used. A
popular choice for OEOs has been the phase modulator.
As implied by the name, the phase modulator changes the
phase of the optical carrier rather than amplitude. This
results in a constant intensity optical output from the phase
modulator. One of the advantages of the phase modulator is
that it requires no DC bias control as is necessary with an
MZM intensity modulator. Since the photodetector will not
respond to phase changes in the optical carrier, the phase
modulation has to be converted to intensity modulation
before photodetection. Using either a filter offset from the
carrier wavelength or an asymmetric Mach Zehnder (AMZ)
interferometer, the phase modulated signal can be converted
to an intensity modulated signal. In one demonstration, the
offset filter is used in a phase modulated OEO in order to
achieve oscillation [57]. The phase modulator is driven with
avery large amplitude RF signal in order to generate multiple
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FIGURE 9: Diagram of a multi-wavelength optoelectronic oscillator for generating multiple optical pulse streams with low phase noise. EDFA:
erbium-doped fiber amplifier, PD: photodiode, EAM: electro-absorption modulator, EBF: electrical bandpass filter, OBF: optical bandpass
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short optical pulses with low phase noise. EDFA: erbium-doped fiber amplifier, PD: photodiode, EAM: electro-absorption modulator, EBF:
electrical bandpass filter, OBF: optical bandpass filter, MUX: optical wavelength multiplexer, DEMUX: optical wavelength demultiplexer.
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FIGURE 11: Diagram of a VCSEL optoelectronic oscillator for gener-
ating different optical pulses with low phase noise. VCSEL: vertical
cavity surface emitting laser, PD: photodiode, EBF: electrical band-
pass filter.

harmonics. The generated frequency comb has a spacing of
9.95 GHz and a 10 dB bandwidth of 120 GHz. Other methods
have used phase modulators to make very stable OEOs [58-
61].

A different modulator for use in an OEO is the polar-
ization modulator. In this case the polarization modulator

changes the polarization state of the optical carrier. By using
a polarization sensitive device, such as a polarization beam
splitter, the polarization modulation can be converted to
intensity modulation. Some of the advantages of using the
polarization modulator is that it can be very high speed
(>40 GHz) and has lower insertion loss than a traditional
MZM. A few demonstrations have been made with this type
of modulator in an OEO. The first is a frequency doubling
OEO that can generate either a 10 or 20 GHz RF signal from
a single OEO cavity without the need for another laser [62].
Another demonstration shows a tunable OEO which can
generate an RF signal from 5.8 to 11.8 GHz in 100 MHz steps
[63].

While most OEO demonstrations use a laser combined
with a modulator, the laser can be directly modulated inside
the OEO cavity. In order to increase the oscillating frequency
and improve performance, an optically injected OEO (OIL-
OEO) has been demonstrated [64]. In this configuration, a
slave laser in the OEO cavity is optically injection locked by
a master laser. The output of the slave laser is then detected
by a photodiode and the resulting RF signal is then filtered
and fed back to the RF input of the slave laser. This allows
the OEO to generate a 20 GHz RF signal without the need for
any additional modulator. The resulting phase noise is just
above —110 dBc/Hz at a 1Hz offset. Other OEOs have also
been demonstrated using optical injection locking of lasers
to generate the RF tone [65].



9. OEO for Clock Recovery and
Synchronization

While OEOs were first used as either low phase noise RF
sources or optical pulse generation, the OEO can also be used
for other applications, the first one being clock recovery and
synchronization. The ability to lock two oscillators so that
their outputs are synchronized is achieved by a process
known as injection locking. The theory of injection locking
is a well-studied subject: after being first discovered by
Huygens, who discovered in the late 1800’s that the pen-
dulum clocks on the wall of his bedroom would become
synchronized if they were placed within a certain distance
of each other [66]. The locking mechanism was mechanical
vibrations that were transmitted through the wall. Since
then injection locking has been observed in many different
systems. In fact, the injection locking process is what allows
for the multi-loop OEO to combine the RF signal between
the different loops to yield a single low noise RF signal. In
order to use the OEO for clock recovery, the OEO can be
injection locked by an external signal, either RF or an optical
data stream. The output of the OEO will then become
synchronized with the incoming RF signal. Such a system
can also be used with an injected digital pseudo random
bit sequence (PRBS) data stream in order to recover the
clock of the data. In the case of the OEO, the clock recovery
performance can be measured by the resulting phase noise
of the injection locked OEO. Before going into more detail
of some examples of the demonstrations of clock recovery,
I would like to go over some basics of the injection locking
process in relation to OEOs.

The injection locking process for electronic oscillators
was first formally described by Adler [67]. One oscillator is
termed as the injecting oscillator, also called the master oscil-
lator, as it is the source of the signal and the other oscillator is
the free-running oscillator, or the slave oscillator, as it is the
oscillator to be locked to the injecting oscillator. As long as
the frequency of the data stream is within the locking range
(a term I will define later) of the slave oscillator, the slave
oscillator will become both frequency and phase locked to the
incoming data clock. Adler developed mathematical expres-
sions for the locking phenomena between the electronic
oscillators and determined the relationship for locking as a
function of frequency detuning between the two oscillators.
While the initial work involved electronic oscillators, the
theory can be expanded to any oscillator, including optical
oscillators such as lasers.

As mentioned above, the OEO clock recovery perfor-
mance can be measured by looking at the phase noise of the
OEO when it is injection locked. Following a similar deriva-
tion as shown in [68], one can describe the phase noise of the
slave OEO in relationship to the phase noise of the injected
signal. To begin, the frequency locking range is defined as
Wiock = 21’]wa, where n = Ainj/Afree’ Wpyw = wfree/zQ’
Afyee is the free running OEO’ signal amplitude, A, is
the injected signal’s amplitude, Q is the quality factor of the
OEOQ, and wy,., is the free running OEO’s frequency. These
two components give some insight into the injection locking
process of the OEO. First, the higher the Q of the OEO,
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the narrower the range of frequencies over which the OEO
can be injection locked. Secondly, the stronger the injected
signal amplitude (or power) is compared to the free running
OEOQ, the wider the locking range is. The locking range can
be adjusted by controlling these two parameters for use in
a given application. For example, in a SONET optical net-
work, the cutoff frequency for jitter transfer for an OC-192
(9.953 Gb/s) data signal is 120 kHz [69]. So the locking range
for an OEO in this application should be around 120 kHz.

Now the phase noise transfer can be discussed. First,
Zinj(@), Liree(w), and Lo (w) are defined as the phase
noise for the injected signal, the free-running slave OEO RF
signal, and the injection locked OEO oscillator, respectively.
Then looking at the case where the signal is injected into the
OEO cavity, the following can be written [49]:

’(‘ZOEO (w) = Ptransfer (w) "(Zinj (w)

» ) @

ock

+ Ptransfer (w) gfree (w) (

where P, .. (@) = 1/(1 + 2w/w,,,.)*) represents the phase
noise transfer function of the oscillator. P, s (w) has the
form of a low-pass filter and thus describes the form of the
phase noise when the oscillator is unlocked but is not the
same as the free-running noise.

Figure 12 shows the calculated PSD of the phase noise,
measured in dBc/Hz, as a function of offset frequency from
the carrier for an injection locked OEO. The frequency-offset
range is between 100 Hz to 10 MHz. The phase noise of the
free-running OEO and the injected signal both follow an
ideal 1/ f* relationship (dominated by white noise), with the
free-running OEO phase noise approximately 20 dB lower
than that of the injected signal. For three different locking
ranges, the phase noise of the injection locked OEO follows
that of the injected signal within the various locking ranges.
Outside the locking range, the phase noise decreases to the
level of the free running OEO phase noise, following the slope
of Pyansfer (w). With this description in place, some different
demonstrations of clock recovery can be presented.

Starting with the EAM-OEOQ, the same system can be used
to recover the clock of a 10 or 40 GHz RZ digital data signal
[70]. The optical signal is injected into the OEO cavity and
both an electrical and optical clock are recovered. In order
to measure the clock recovery performance, the phase noise
of the injected data signal, the free running OEO, and the
injected OEO are measured and plotted in Figure 13. Like the
theoretical plot in Figure 12, the phase noise of the injected
signal and the free running OEO are separate and the phase
noise of the injection locked OEO follows the injected signal
until about 1 kHz offset and then decreases to the phase noise
of the free running OEO. Note that the measured phase noise
does decrease with a —20 dB/decade slope as predicted by
the theory between the (-85 dBc at 1 kHz offset to —105kHz
at 10kHz offset). In order to increase the locking range,
the injected optical power into the OEO is increased by
approximately 12 dB while keeping everything else the same.
With the higher injected power, the locking range increases
just less than 20 times, which again matches the theoretical
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FIGURE 12: Theoretical plot of the phase noise of an injection locked
OEO along with the injected signal and free running OEO’s phase
noise.

prediction. Since the injected OEO phase noise is overall
lower than the injected data phase noise, the recovered clock
can be used for the retiming portion of an all-optical 3R
regenerator. This demonstrates the use of an OEO for clock
recovery from an optical data stream.

Another method for injection locking an OEQO is to use an
electrical signal rather than an optical signal. In this case the
VCSEL-OEO is used [49]. A 2 GHz RF signal is electrically
injected into the OEO cavity and then time and frequency
domain measurements are made to demonstrate that the
injected OEO is phase locked to the incoming RF signal. The
RF output of the OEO is split to both the input of an electrical
spectrum analyzer (for frequency domain measurements)
and the trigger input of a high speed sampling scope (for time
domain measurements). A portion of the injected signal is
connected to the RF input of the high speed sampling scope.
The frequency and time domain plots appear in Figure 14
for three different cases. In the first case, the injected sig-
nal’s frequency is outside the locking range. The frequency
measurement shows the free running signal and the injected
signal, along with beat notes between the two. The time mea-
surement shows random noise as the trigger signal is not
phase locked to the input signal of the scope. The second case
shows the free running OEO and the injected signal almost
phase locked. Again the frequency domain measurement
shows beat notes and the time domain measurement is still
noisy. The third case shows when the OEO and the injected
signal are phase locked. Now the frequency measurement
shows a single tone and the time domain measurement clearly
shows the injected sinusoidal signal. This demonstration
shows the OEO generated signal is locked to the injected
signal and can be used for synchronization purposes.

—80}
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-110
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-120

-130
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"""" Injected clock signal
— Recovered clock from OEO

FIGURE 13: Measured plot of the phase noise of an injection locked
OEO along with the injected signal and free running OEO’s phase
noise.

Other examples of injection locked OEOs exist using dif-
ferent modulators, higher frequencies and different injected
signals [71-73]. Work continues to use these systems for clock
recovery and synchronization for various applications.

10. OEOs with All-Photonic Gain

Whether OEOs were used as either low phase noise RF
sources or optical pulse generation, one of the limiting noise
sources for the OEO is the RF amplifier necessary for the
OEO to oscillate. Even though the loss of the optical fiber in
the cavity is very low, both the RF to optical conversion at
the optical modulator and the optical to RF conversion at the
photodetector have loss. Therefore the electronic RF amplifier
is necessary to overcome both of these losses. However like
any amplifier it will add additional phase noise to the OEO.
While alot of work has been done to reduce the phase noise of
the electronic RF amplifiers used in OEOs, they are expensive
and not wideband. Therefore each OEO would need its own
special RF amplifier to operate at a given frequency, which
limits the otherwise potentially wideband operation of an
OEO. If the OEO can oscillate with only photonic gain, the
wideband operation can be preserved. While other OEOs
have been demonstrated without the use of an electronic
amplifier [74-76], I will focus on an OEO using an MZM
followed by an optical amplifier at 10 GHz using all-photonic
gain [77, 78]. The all-photonic RF gain depends on two para-
meters: the optical power handling of the photodetector and
the RF efficiency of the MZM, defined by the half-wave
voltage (V). Both of these parameters are set when the indivi-
dual device is manufactured and cannot be changed by the
user. Without optical or electronic amplification, the highest
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FIGURE 14: Measured plot of the frequency and time domain for the OEO when the injected signal is outside the locking range, just outside

the locking range, and when it is injection locked.

all-photonic RF gain for the OEO occurs when the DC bias
of the MZM is set to quadrature [77]. In this case the single
pass RF gain of the OEO can be defined simply as

I 2
dc 2
Gpy = (7 ) 2z Z oo (3)

T

where I is the DC photocurrent from the photodetector, Z; ,
is the input impedance at the RF port of the MZM and Z, is
the output impedance of the photodetector, both of which are
typically 50 ohms. Note that I, is directly proportional to the
input optical power to the photodetector by a factor known as
the responsivity of the photodetector. From (3), the RF gain as
afunction of I;, can be plotted foran MZM witha V of 2V in
Figure 15. In this case, the RF gain has to match the loss in the
OEO cavity, which is 13 dB. Looking at Figure 15, this would
require a photocurrent of approximately 60 mA, which is well
above the power handling capabilities of the photodetector.
So a different method is required to achieve the required RF
gain. By using an optical amplifier after the MZM and then
adjusting the DC bias of the MZM, it was shown that the RF
gain of the OEO can be increased to a level that matches or
exceeds the loss of the OEO cavity. The all photonic gain OEO
makes use of the suppression of the optical carrier in order to
increase the gain from the optical amplifier. One advantage of

the all photonic OEO is the RF power is increased while the
photocurrent is kept at 6 mA, a level that the photodetector
can handle. Looking at Figure 14, the RF gain at 6 mA for
the all photonic gain is 21.5 dB higher than in the quadrature
bias case. A disadvantage of the all photonic gain OEO is
the second harmonic of the RF signal becomes quite large.
However in the case of the OEQ, the electrical bandpass filter
will suppress the second harmonic and make it negligible.
The all photonic gain OEO also showed an improvement in
the phase noise as compared to the same OEO used with an
electrical RF amplifier. The phase noise spectrum shows that
the noise is no longer dominated by the flicker phase noise
in the 100 Hz to 1kHz frequency offset range. In addition
the overall phase noise spectrum of the all photonic OEO is
lower than in the electronic RF amplifier OEO, in part due
to the lower RF noise figure of the overall system. Thus the all
photonic gain OEO has several advantages over electronic RF
amplifier OEOs.

11. Millimeter Wave OEQOs

OEOs have continued to leverage the higher bandwidth pro-
vided by photonics to generate RF signals in the millimeter
wave frequency range. Some examples simply use higher
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FIGURE 15: Theoretical plot of the RF gain for a single pass in the
OEO as a function of DC photocurrent.

frequency bandwidth devices such as an OEO operating at
39 GHz by using a polymer based modulator [79] and an
EAM-OEO that operates at 40 GHz [80]. In this case, the
modulator, electrical bandpass filter, photodiode, and electri-
cal RF amplifier all operate in the 40 GHz frequency band.
The EAM-OEO can provide a 40 GHz signal with a measured
phase noise of —100 dBc/Hz at 10 kHz offset, which is 30 dB
better than a commercial RF signal source at the same fre-
quency. The 40 GHz EAM-OEO uses two different lasers with
two different wavelengths along with the corresponding zero
dispersion fiber in the dual loop cavity. The zero dispersion
fiber is necessary as the OEO will not oscillate with standard
fiber due to RF fading. The RF fading problem is a well-known
problem in long haul photonic links and becomes a problem
even at short fiber lengths when the frequency gets to 40 GHz.
For example, the RF power at 40 GHz for a standard fiber
of 1km would be about 40% less than in a zero dispersion
fiber. This loss is enough to cause the OEO not to oscillate.
By using two different lasers, a single photodetector can be
used at the output of the dual loops. As the millimeter wave
photodetector is more expensive than a second laser, the OEO
can be built for a cheaper cost.

Another way to achieve generation of millimeter wave RF
signals is to perform frequency multiplication in the OEO.
One example of this expands on the master slave OEO that
was described earlier for frequency quadrupling [81]. The key
change is that the master OEO operates at 10 GHz and the
slave OEO operates at 40 GHz. Without the master OEOQ,
the slave OEO has an unstable output that is not usable as a
frequency source. On the other hand, when the output of the
master OEQ is injected into the slave OEO, a stable 40 GHz
signal is produced. Other examples of OEOs for millimeter
wave generation have gone up to 52.8 GHz [82] by using
higher frequency components in the OEO cavity, as well as
using mode locked lasers in OEO cavities to generate mil-
limeter wave RF signals [83].

1

12. OEOs for Signal Processing of
Optical Data Signals

OEOs have also been shown to be useful for processing of
optical data signals. A couple of demonstrations have been
shown to convert non-return-to-zero (NRZ) data signals to
return-to-zero (RZ) data signals [84, 85]. In one case, an
EAM-OEO is injection locked by the incoming NRZ data
signal. By properly adjusting a phase shifter in the cavity, the
EAM will carve the NRZ data and create an RZ data stream.
Note that since the EAM-OEO has a lower phase noise than
the NRZ data stream, the RZ data stream is also re-timed
with lower overall timing jitter than the original NRZ signal.
The timing jitter is actually improved by up to a factor of 5
times. In addition, the bit error rate (BER) of the RZ signal
shows an improvement of 4 dB in the power response. The
system is also polarization independent which is important
for real world optical networks where the polarization of
the incoming NRZ data streams may have any state of pola-
rization.

Another use for the OEO is to up-convert analog and
digital baseband signals onto a higher frequency carrier. In
one demonstration [86], a frequency doubled OEO is used
to up-convert a 1.25 GHz baseband signal onto the 20 GHz
carrier. The up-converted can then be transmitted up to
50 km without significant penalty. As a further advancement
of this system, 161.25Gb/s channels were simultaneously
up-converted onto 20 GHz carrier [87]. Each channel was
assigned its own wavelength in order to be able to route it to
the appropriate wireless base station. Another demonstration
uses an OEO for down-conversion of a 1Gb/s signal from a
20 GHz carrier [88]. The OEO is useful in these applications
as it provides higher bandwidth and lower phase noise for the
local oscillator signal than a conventional electronic solution.

Yet another use of the OEO is for serial to parallel conver-
sion of optical time domain multiplexed (OTDM) RZ data
signals [89]. By use of a polarization modulator along with
a CW laser, a single 40 Gb/s OTDM data stream can be
converted into two 20 Gb/s optical data streams along with
a 20 GHz prescaled optical clock that is synchronized to
the 40 Gb/s data stream. The advantage of the polarization
modulator is that it allows for serial to parallel conversion
with only one OEO. In addition, the polarization modulator
provides a constant intensity optical output, as oppose to the
intensity modulated output from an EAM or an MZM. Other
format conversions are suggested for taking on-off keyed data
to quadrature phase shift keyed data. It is clear by these
demonstrations that the OEO has been pushed beyond its
original purpose and has been used for many different signal
processing applications.

13. OEOs for Selective Amplification of
Low Power RF Signals

While many applications beyond the original intent for the
OEO have been provided, the main focus of these demon-
strations have been on digital networks, whether for radio
over fiber or for format conversion. The OEO does have
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applications in analog systems beyond simply being a low
noise RF source. One such application is the detection of
low power RF signals in a cluttered environment, which
is important in applications ranging from radio astronomy
[90] to RF channelization [91]. Imagine a wide frequency
spectrum containing multiple RF signals, all with varying
powers as shown in Figure 16. In order to pick one of the
RF signals out from the others, it needs to be amplified while
the others are suppressed below some chosen threshold level.
While an electronic solution could use a very narrow filter
combined with an RF amplifier, such a system is hard to
realize at microwave frequencies and higher. As already men-
tioned, electronic filters cannot be made very narrow and RF
amplifiers add significant noise. Photonic methods would be
preferred as they have very broad instantaneous bandwidths.
Specifically, the injection locking process in an OEO can be
used to amplify certain RF signals while suppressing the other
ones. In this case, the electronic bandpass filter is removed
from the OEO cavity, and the power inside the OEO is set
just below threshold. Such an OEO will be referred to as a
multi-mode OEO (MM-OEO). When an external signal is
injected into the OEO cavity, two results can occur. If the
injected signal’s frequency matches one of the cavity modes
of the MM-OEQ, it will cause the OEO cavity to oscillate and
the signal will see gain. If the injected signal’s frequency does
not match one of the cavity modes, the signal will see loss and
be suppressed. The first demonstration of an MM-OEO used
an electronic RF amplifier to show the loss and gain profile
over multiple cavity modes [92]. Because the RF amplifier
adds noise to the system, the work was extended to an MM-
OEO that used all photonic gain [93]. Due to the long length
of fiber in the EDFA used for the all-photonic gain, the MM-
OEO cavity modes are spaced about 5.2 MHz apart, with
each cavity mode having a gain bandwidth of 1 MHz. The
MM-OEO has been shown to provide gain for RF signals
at frequencies as high as 6 GHz. In order to characterize the
MM-OEO further, the sensitivity and compression dynamic
range are measured. The sensitivity of the MM-OEO is as
low as —83 dBm, while the maximum input power into the
MM-OEO before the gain becomes compressed is —11 dBm.
This yields a compression dynamic range of 72 dB. In order
to select a small subset of cavity modes from the MM-OEQO,
the optical output of the MM-OEOQO was passed through an
integrated silicon Fabry-Perot filter (FPF). The FPF hasa 3 dB
bandwidth of 4.5GHz and after passing the optical signal
from the MM-OEO through the FPE the filtered RF gain is
only positive at frequencies of 3 GHz or lower, as opposed
to 6 GHz without the FPE Thus an optical filter can be used
to filter the RF response of the MM-OEOQ. The advantage of
the integrated silicon FPF is the ability to fabricate up to 100
filters on a single chip. This scalability in a small size can be
advantageous in systems wanting to channelize RF spectrums
of multiple gigahertz in bandwidth.

While the MM-OEO described above shows promise for
use in selective amplification of RF signals, it is desirable to
increase the mode spacing of the MM-OEOQ cavity, which
requires shortening the length of the cavity. As mentioned
previously, the EDFA adds an equivalent of approximately
10 meters of fiber into the cavity. In order to overcome this
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FIGURE 16: RF signals covering 1 to 10 GHz of bandwidth from an
antenna before and after selective amplification.

limitation while still using all-photonic gain in the MM-OEO
cavity, the EDFA was replaced with a semiconductor optical
amplifier (SOA). This device uses a semiconductor gain med-
ium which can be on the order of a centimeter in length,
plus the fiber pigtails in order to connect it to the other
fiber components in the MM-OEO. Such a length savings
can significantly improve the cavity mode spacing. In this
new configuration, an MM-OEOQ was demonstrated having a
mode spacing of 100 MHz, which is a 20 times improvement
over the previous demonstration [94]. While the mode gain
bandwidth increases also from 1 MHz to 11 MHz, the overall
selectivity of this MM-OEO is better than the previous
demonstration. Another advantage of increasing the mode
spacing allows the MM-OEO to be used with two lasers. By
proper selection of the DC bias of the MZM, the two lasers
will allow the MM-OEO to switch between complementary
modes in the MM-OEO cavity. The modes are complemen-
tary in that in one condition, a given frequency will see gain
(loss) while in the other condition, the same frequency will
now see loss (gain). As seen in Figure 17, with one laser on,
one set of modes have gain in the MM-OEO. However when
both lasers are on, the complementary set of cavity modes
now see gain. This allows the MM-OEO to selectively amplify
more frequencies with the same cavity than is possible with
just one laser. Another improvement in the system comes
from the sensitivity of this MM-OEO. With the increased
mode spacing, the integrated noise of the MM-OEQ can be
measured over 140 MHz while only incorporating one cavity
mode. With a measured gain of 10 dB, input sensitivity is
calculated to be —=78.4 dBm. When compared to thermal noise
over the same 14 MHz bandwidth (-92.6 dBm), the MM-
OEO is only 14.2 dB above the thermal limit. Thus the MM-
OEO can be used to amplify very low power RF signals for
detection.

The MM-OEO has been shown to offer a method for
selectively amplifying low power RF signals. The system can
have very good input sensitivity, high compression dynamic
range and large selectivity. Further improvements of the MM-
OEO can be made, the first being to further shorten the cavity
in order to get the mode spacing to 1 GHz, while increasing
the overall bandwidth to 10 GHz and higher. Such improve-
ments can make the MM-OEO attractive to applications such
as RF channelization.

14. Conclusion

Low phase noise RF oscillators are required in multiple appli-
cations, ranging from radar and GPS to high performance
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ing selective amplification of complementary modes when either
one or both lasers are on from [94].

analog to digital converters to trans-oceanic data transmis-
sion. Since 1996, the OEO has been investigated for use in
many different applications requiring low phase noise RF
signals. Beginning as a low phase noise source, the OEO has
been shown to have use in generating low phase noise optical
pulse trains and optical clock signals. As the technology has
advanced, OEOs have been demonstrated to generate RF
signals at frequencies starting in the microwave range and
extending out to the millimeter wave range. In addition,
work continues on improving the performance of the orig-
inal OEO, from using multiple loops to suppress the non-
oscillating side modes to removing the bandpass filter in
order to tune the frequency of the RF output. Further work
has been done on improving the phase noise performance
by removing the electronic amplifier from the cavity while
also looking at miniaturizing the OEO for use in satellites and
computers. Beyond these improvements, the OEO continues
to be used for applications beyond its original intent. In terms
of digital optical networks, the OEO has been used for both
data clock recovery as well as data format conversion. In
fact the recovered clock can have lower phase noise then the
incoming clock and can then be used to re-time the incoming
data signal in order to re-transmit it over further distances.
In addition, it has also been shown to be useful for RF signal
discrimination. By operating in a multimode configuration
just below oscillation threshold, the MM-OEO can be used
to selectively amplify low power RF signals in a cluttered
environment. The OEO continues to be investigated theo-
retically [95-97] to better understand the sources of noise
as well as to improve their performance. Demonstrations of
the OEO continue to explore new applications, from gene-
rating broadband chaos [98], use in sensors [99], and as a
measurement of the refractive index of optical fibers [100].
Finally OEOs continue to be investigated for use in computer
architectures [101]. For the past 16 years the OEO has been
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shown to have applications in both the RF and digital domain
and should continue to provide new insights into future
work.
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