
 

 Journal of Institute of Science and Technology 2019, 24(1): 26-33 

ISSN: 2469-9062 (print), 2467-9240 (e) 

Doi: http://doi.org/10.3126/jist.v24i1.24625  

 

© IOST, Tribhuvan University 

Review Article 
 

PROGRESS IN OPTOELECTRONIC OSCILLATORS 

Nabin K. Raut*
1
, Jeffery Miller

1
, Jay Sharping

1
 

1
University of California, Merced, USA 

*
Corresponding author: nraut@ucmerced.edu 

(Received: October 1, 2018; Revised: April 1, 2019; Accepted: April 12, 2019) 

ABSTRACT 

An optoelectronic oscillator (OEO) generates a spectrally pure and ultra-stable radio frequency signal from a continuous 

wave laser source (Yao et al. 2004). In a conventional electrical oscillator, the energy storage capacity is limited, which 

compromises stability of the signal. To address this issue, Yao and Maleki invented the optoelectronic oscillator in 1996. 

This novel oscillator uses low-loss optical fiber to extend the length of the oscillator and thereby increases the amount of 

energy that can be stored (Madjar & Tibor 2006). Due to this additional energy storing component in the system, the 

purity and stability of the signal increase significantly. Following their invention, many modifications have been made 

over the years to improve the frequency stability of OEOs (lower phase noise and timing jitter). This review article 

discusses some of those key developments and then introduces some ongoing work devoted to understanding the impact 

of using electrical filters with Q >10
9
.  
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INTRODUCTION 

Stable electrical and optical frequency generation is 

central to communications and computation (Couch 

1995). Data modulation and demodulation requires a 

stable carrier at the transmitter and a local oscillator at the 

receiver. Using a signal generator for Doppler radar 

demands a pure microwave signal (Hao et al. 2018, 

Maleki 2012). Similarly, telecommunication applications 

rely on highly stable clock signals (Salik & Maleki 2007). 

The above applications drive research into signal 

generation stability improvements (Chen et al. 2011).  

One contribution to the stability of an oscillator is the 

energy loss. The search for a low-loss oscillator led to the 

invention of the optoelectronic oscillator (OEO) (Neyer & 

Voges). The OEO takes advantage of the low loss, low 

dispersion, and high efficiency of optical fiber to transmit 

a modulated signal. Moreover, it has electrical and optical 

outputs that can be used as the basis for other devices or 

experiments. The low phase noise electrical signal can be 

utilized for applications of sensing and detection (e.g. 

radar) (Cui et al. 2018). On the optical side of the device, 

the low timing jitter, high precision clock signal can be 

used in high speed telecommunications, naval navigation, 

and clock recovery (Eliyahu et al. 2003, Vorreau 2010). 

In this review we describe the main components of an 

OEO and some of the most common OEO configurations 

including single and multi-loop OEOs. We then review 

how each configuration impacts the overall performance 

of the OEO system. Finally, we discuss how to improve 

the performance of OEO systems by using high quality-

factor (Q) band pass filters. 

Figure 1 (Yao & Maleki 1996a) shows a simple diagram of 

an OEO. Continuous-wave light from a pump laser is 

passed through a fiber delay, optically amplified and 

detected, converting the optical signal into a microwave 

electrical signal. The electrical signal then passes through 

the band pass filter is amplified and fed back into the 

modulator. When the overall gain in the loop is greater 

than the loss, the system begins to oscillate at resonant 

frequencies which are determined by the length of the 

loop. The band pass filter selects one mode out of all 

competing modes under its bandwidth producing a 

spectrally-pure RF signal at the RF output.  

 

Fig. 1. A diagram of an OEO which includes a high-Q 

band pass filter in a dilution refrigerator. The heavy 

and thick lines optical and electrical connections, 

respectively. The system forms a feedback loop 

which oscillates when the gain is sufficient to 

compensate for the losses in the loop (Yao & Maleki 

1996a) 

The hybrid electro-optical loop configuration and the 

band-pass filter are two crucial components of the OEO. 

The optical fiber allows the loop to be greater than 1 km 

in length and thus produces multiple closely-spaced 

spectral modes, about which will discuss in detail in 

subsequent paragraphs.  The mode spacing is inversely 

proportional to the total length of the loop. The band pass 

filter favors a single mode. Figure 2 (Yao & Maleki 1996a) 
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illustrates the mode selection process of the OEO system. 

Multiple oscillator modes lie within the filter bandwidth. 

If we use filter with a Q on the order of ten thousand and a 

3 km-long fiber spool, 149 modes will be present under 

the band pass envelope. One of these modes is transmitted 

through the filter with the least loss and becomes the 

output mode, while the others are suppressed (Jiang et al. 

2013).  

 

Fig. 2. Illustration of the filter response to the oscillator 

modes within the filter bandwidth. There can be 

large number of fiber modes within the filter 

bandwidth. The mode with the least loss will 

oscillate and the others will be suppressed (
1
Yao et 

al. 1996). Figure adapted with permission of The 

Optical Society 

The overall length of the oscillator, and thus the oscillator 

mode spacing, is largely determined by the length of the 

optical fiber. For example, fiber lengths of 200 meters, 2 

kilometers, and 3 kilometers equate to a mode spacings of 

1MHz, 100 KHz, and 67 KHz, respectively. This 

proportionality is given by the relation  

(Maleki 2012), where  is refractive index of the material, 

 is velocity of light and l is the fiber delay length. The 

optical path length of the fiber can vary because of 

thermal expansion or contraction, nonlinear effects, or 

mechanical vibrations. Among all these effects, thermal 

contributions are the most detrimental. In fact, thermal 

fluctuations cause changes in both the physical length as 

well as the refractive index of the fiber, which in turn 

results in instability of the resonant frequency. The 

thermal dependence of the resonance frequency is given 

by   (Eliyahu et al. 2003), where fk is the 

position of a particular mode. 

The Q of an oscillator can be defined in several ways. The 

most useful definition for our purposes is that Q is the 

ratio of the energy stored in the oscillator to the energy 

lost per cycle. The long optical fiber in an OEO acts as an 

efficient energy storage component. The quality factor is 

given by (Liu et al. 2018) and it depends on 

the OEO oscillation frequency ( ) selected by the band 

pass filter whose center frequency is  and the total loop 

delay time (τ). The total loop delay time is the sum of the 

optical delay time ( , which is proportional to the 

length of the fiber, and the RF delay time , which is 

mainly due to amplifiers and the cavity (Romisch et al. 

2000). The RF delay time is determined by relation 

 (Romisch & De 

Marchi 1999). Where, , ….  are the phase shifts 

introduced by the amplifiers used in the OEO, QL is the 

loaded quality factor of the band pass filter,  is the OEO 

oscillation frequency cavity, and  is the center angular 

frequency (Romisch & De Marchi 1999). In practice, 

, hence the optical delay plays the dominant  

role in determining Q. A longer fiber corresponds to a 

higher Q. For example, if we use 4 km of fiber we obtain 

Q on the order of (Merrer et al. 2008). Importantly, 

higher value of Q means substantial reduction of timing 

jitter, the phase noise analog in the time domain (Nelson 

et al. 2007). 

One of the important figures of merit that measure quality 

of the OEOs is its phase noise performance. The lower the 

phase noise, the better the OEO. Phase noise is a measure 

of the amount of unwanted frequency variations about the 

nominal frequency (Rutman 1978). It is characterized by a 

one-sided spectral density referred to as the single side 

band (SSB) phase noise. The one-sided spectral density is 

the energy distribution as a continuous function per unit 

bandwidth,   

or , Fig. 

3b. 

Here,  is single side-band 

power measured at an offset frequency of  from the 

central frequency with 1 Hz bandwidth, and  is 

power of the carrier signal. It is given in units of dBc/Hz 

(Hajimiri 1998). As shown in figure 3, the presence of 

small phase fluctuations in the input signal can add a 

significant amount of phase noise to the output signal and 

jitter in the clock signal. The ideal, noise-less and non-

drifting, sinusoidal signal is represented by 

. This signal will show single 

resonant frequency in power spectral density (PSD) as 

shown in figure 3 a. In contrast, the noisy input signal 

with time dependent phase variation, is given by 

 

and it will be less stable. In this case, energy is spread 

over range of frequencies offset from the central 

frequency, as shown in Fig. 3b. 
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Fig. 3: Schematic illustration of  (a) the ideal sinusoidal 

signal and its power spectrum density (PSD). (b) In 

the presence of phase noise, instability in the signal 

is introduced. This instability can spread over large 

area around nomial frequency 

Noise can come from many sources. Thermal, shot and 

flicker noise are intrinsic to the microwave devices being 

used, while environmental and power supply fluctuations 

are external sources of noise (Hajimiri 1998). The 

different sources of noise can be recognized by their 

locations at particular offset frequency ranges around the 

resonance frequency. For example, thermal and acoustic 

(environmental) vibrations dominate in the first few hertz 

offset from the carrier. Microwave amplifiers add flicker 

(also known as 1/f) noise (Romisch et al. 2000) to the 

system which shows up from few hertz to kilohertz. 

Optical amplifiers contribute to the noise by amplifying 

the non-oscillating side modes which show up beyond 10 

kHz (Devgan 2013). Similarly, the optical to electrical 

detector is source of shot and thermal noise (Rubiola et al. 

2006). Thermal noise also comes from thermal drifting of 

the laser oscillation frequency (Marshall et al. 2000), the 

temperature dependence of the refractive index of the 

optical fiber (Shelby et al. 1985), the stability of the 

electro-optic modulator (Yao & Maleki 1996a), and 

thermal fluctuations in the gain of the amplifiers (Lesson 

1966). In addition, the laser exhibits laser random 

intensity noise (RIN) (Marshall & Yariv 2000). Power 

supply noise at 60 Hz is due to supply ac-source (Zhou & 

Blasche 2005). Minimizing the noise requires choosing 

the best components and designing the system to reduce 

environmental and thermal issues (Eliyahu et al. 2003, 

Kaba et al. 2006, Romisch et al. 2000). 

The band pass filter is a crucial component in the OEO as 

it selects a single mode from multiple input modes. Using 

high Q cavity as the band pass filter leads to higher energy 

storage in the system and greater stability in the signal. 

The equation   , shows the dependence of the 

conversion from phase uncertainty into frequency 

uncertainty on the quality factor of the filter, where  is 

the frequency uncertainty,  is the resonant frequency, 

 is the uncertainty in phase, Q is the quality factor of 

filter (Leeson 1966). A high-Q cavity will minimize 

conversion of source phase fluctuations into frequency 

fluctuations. 

Single loop OEO (SOEO) 

The schematic diagram of a single-loop OEO (SOEO) is 

shown in Fig. 1 (Yao & Maleki 1996a). As the name 

suggests, in the single loop OEO the main loop starts and 

ends at the electro-absorption modulator with no branches 

in between except for measurements and outputs. The 

main optical components are a continuous-wave laser, an 

intensity modulator such as an electro-optic or electro-

absorption modulator, an optical-fiber delay, and a fast 

(up to 110 GHz) photo-detector. The electrical 

components include a band pass filter with Q ranging 

from 10
3
-10

12
, microwave amplifiers and microwave 

splitters (Yao & Maleki 1996a). The oscillation frequency 

is selected from the available loop modes by the band pass 

filter according to the equation below: 

 

 

Where,  is the mode selected by the filter,   is total 

energy decay time and is the gain coefficient, 

which can be made negative by using an inverting 

amplifier or by adjusting the bias of the amplitude 

modulator. If gain coefficient is negative the fundamental 

mode is  meaning it takes two passes through 

the loop to obtain constructive interference. If the gain 

coefficient is positive the fundamental mode is  

(Yao & Maleki 1996a). 

In the SOEO, most of the studies evaluate the stability as 

a function of the length of the fiber. The longest fiber used 

so far is by (Eliyahu et al. 2008). They used 16 kilometers 

fiber with help of a thermal stabilization mechanism. Most 

importantly, in almost all works in the SOEO, reduced 

phase noise was observed with increased fiber delay. Lasri 

et al. (2003) concluded that, as shown in figure 4, timing 

jitter decreases as the length of the fiber delay increases. 

They used five different fiber lengths: 400 meters, 1 

kilometer, 1.7 kilometers, 2.4 kilometers, and 3 kilometers 

and found lowest jitter in the longest loop. However, 

thermal vibration precludes increasing the fiber length 

past a certain point (Yao & Maleki 1996a). The lowest 

phase noise SOEO claim so far is by Lasri with -115 

dBc/Hz phase noise at a 10 KHz offset frequency (Lasri et 

al. 2003). 
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Fig. 4. This graph shows relation between cavity length 

and timing jitter. The measurement was taken for 

different fiber lengths length and offset frequencies.  

The timing jitter drops significantly with increased 

length of fiber. In both observations jitter is 

minimized for 3 kilometers fiber length (Lasri et al. 

2003). Reprinted with permission of The Optical 

Society 

Multi-loop OEO (MOEO) 

The optical fiber is a key energy storage component in the 

OEO. It contributes to the high Q in the system. However, 

as the length of the fiber increases the mode spacing 

decreases which results in a greater number of modes 

inside the bandwidth of the filter. As the modes are 

brought close together, mode competition leads to high 

frequency noise (Jiang et al. 2013). One solution to this 

problem is the multi-loop OEO. 

Figure 5a shows a schematic diagram of a MOEO. 

Modulated laser light is optically amplified and passed 

through two different fiber paths that are arranged in 

parallel with one another. These signals are recombined 

and passed, respectively, through a photo-detector and a 

filter. The amplified signal is then fed back into the 

modulator. The main difference between the MOEO 

compared to the SOEO is use of two or more fiber loops 

in parallel which act as a filter. As shown in figure 5b, the 

frequency separation of the modes of the short loop is 

much larger than that for the long loop. When taken 

together, the oscillation frequency will be determined by 

the frequency range which is low loss in both modes. 

Here, the tuning range and tuning resolution is, 

respectively, determined by the shorter and the longer 

loop (Yao 2000). For example, with loop lengths of 200 

meters and 4 kilometers will result in a mode spacing of 1 

MHz and 50 KHz. If we make a MOEO having optical 

fibers of 200 meters and 4 kilometers in parallel, there 

will be only a single mode in the frequency range of the 

shorter loop (1 MHz). That means 20 modes of the longer 

loop get suppressed by the shorter loop before passing 

through the band pass filter. This way, large number of 

parasitic modes can be removed from the output. The 

oscillation frequency of this configuration must satisfy, 

 for ,  for 

, where and  are integers,  and  are 

delay time of the longer and shorter fiber loops 

respectively (Yao et al. 1998). 

 

Fig. 5. (a) This is a schematic diagram of a multi-loop OEO. In this configuration, two loops (shorter and longer) are 

place parallel to each other. (b) The long fiber will have larger number of modes than short one within same 

bandwidth. When place them in parallel one mode will survive out of many competing modes (Yao 2000) 
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Over the years, several variations of MOEOs have been 

demonstrated. Some of these setups include the use of 

three loop lengths in series with a variable optical 

attenuator (Banky et al. 2006), polarizing beam splitters 

and couplers (Yang et al. 2007), and fiber diffraction 

gratings within the loops (Shumakher 2008). Figure 6 

shows a comparison between the phase noise of one, two, 

and three loops/loop OEO setup (Banky et al. 2006). 

Here, measurements were taken in three different stages. 

First, the output of a single loop OEO was taken by 

turning the power of the other two fiber inputs off. A 

similar method was implemented for the other two 

measurements. Their observation shows that the three 

loop OEO has the least phase noise and fewest parasitic 

modes. 

 

Fig. 6. Comparison between phase noise of one, two, and 

three multi-loop OEO. The OEO shows improve 

phase noise performance with increasing numbers 

of parallel loop delay in SOEO (Banky et al. 2006). 

Reprinted with permission of The Optical Society 

Injection locking OEO (IOEO) 

The reduction of noise from parasitic modes in the output 

signal is addressed in the MOEO, but the overall Q of the 

system is reduced because the effective Q is the result of 

averaging that of the participating loops (Devgan 2013). 

To improve the effective Q, the injection loop OEO 

(IOEO) was developed (Yao & Maleki 1996b), which 

preserves high Q and reduced phase noise of the longer 

loop while the shorter loop provides extended frequency 

tunability. 

The injection loop OEO (IOEO) is a combination OEOs 

where the RF output from one is injected into the RF 

portion of the other. In this OEO, higher order output of 

the longer loop is injected into the shorter loop so that the 

frequency of the shorter loop is forced to lock with that of 

the longer loop. This reduces frequency and phase 

fluctuations. There are two kinds of IOEO: self-injection 

(SI-OEO) and dual-injection loop (DIL-OEO). The SI-

OEO is modification of the single loop OEO and is shown 

in Fig. 7a. In this configuration a longer loop span is 

connected to the optical output, detected and combined 

with the electrical section of the primary loop. The 

injection of a spectrally pure signal into a noisy signal will 

force latter signal to lock to the former signal (Yao et al. 

1998). 

Moreover, if we implement few changes in the self-

injection locking OEO we will get a second type of IOEO 

called a dual-loop injection OEO (DIL-OEO), invented by 

(Zhou et al. 2005). Only difference between these two 

types of OEOs is that in the DIL-OEO, the longer loop is 

not just a loop as in SI-OEO but is also an OEO, as shown 

in Fig. 7b. In fact, the DIL-OEO is a series combination of 

two single loop OEOs. The longer loop and the shorter 

loop OEOs are called primary and secondary OEOs, 

respectively. Here, the ultra-low phase noise output of the 

primary OEO is coupled to the secondary OEO and output 

of the overall system is stabilized. This creative 

combination of SOEOs has shown better performance 

against corresponding separate OEOs. For example, if we 

use a filter with a quality factor on the order of ten 

thousand and make two separate SOEOs with different 

fiber lengths, the output of the SOEO with a shorter fiber 

length will have low resolution: the phase-noise spectral 

density is inversely proportional to the cavity length 

(Lasri et al. 2003), whereas the output of the longer loop 

OEO will be spurious and less tunable: a 4 km fiber 

results into 50 KHz mode spacing and a Q-factor of 

200,000, such narrow mode spacing cannot be filtered 

using low Q conventional filters (Zhou & Blasche 2005). 

On the other hand, combination of both OEOs will result 

into ultra-pure, highly stable, and high tunability 

microwave signal because a longer-loop OEO injection-

locks a short-loop single-mode OEO (Lee et al. 2008, Zou 

et al. 2016). Little progress on IOEOs has been reported 

despite its better performance compared with SOEOs. 

One crucial development was achieved by (Okusaga et al. 

2011) wherein they coupled the primary and secondary 

OEOs in both directions. Jiang et al. (2013), used a higher 

order modes generator instead of longer loop OEO and 

injected these modes into an OEO built from a shorter 

loop. They observed 65dB side-mode suppression ratio 

(SMSR) much better than 18dB SMSR in case of free-

running OEO. 

OEO with a superconducting band pass filter 

The research discussed thus far in this paper has focused 

on improving the Q by increasing the effective loop delay. 

No very little consideration has been given to optimizing 

the electrical filter. In most experiments, a filter with a Q 

on the order of ten to one-hundred thousand was used 

(Yao & Maleki 1996a, Lasri et al. 2003, Eliyahu et al. 

2003, Zhou & Blasche 2005). The transmission bandwidth 

of the filter is inversely proportional to its Q, so 

eventually one can no longer increase the loop length 

without causing mode competition due to the closely-

spaced loop modes under the transmission band of the 

filter. 
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Fig. 7. (a) This is a schematic diagram of a self-injection loop OEO. In this OEO, the optical output of SOEO is detected 

by a separate photodiode and combined loop with the filtered electrical portion of the OEO (Zhou & Blasche 

2005b). (b) This is a diagram of the dual injection loop OEO. Here the RF output from the primary OEO is 

injected into the filtered electrical portion of a secondary OEO (Devgan 2013) 

The ongoing work in our group at the University of 

California, Merced involves exploring the impact of high-

Q electrical band pass filters. We use quarter-wave stub 

cavities made from superconducting niobium (Reagor et 

al. 2016) in place of the traditional band-pass filter. These 

SRF cavities can achieve a quality factor on the order of 

10
8 

or 10
9 

with proper fabrication and post-fabrication 

treatment. Having such a narrow bandwidth filter will 

allow us to greatly increase the amount of delay which 

can be added to the optical side of the OEO, while 

maintaining a reasonable number of optical modes present 

under the filter envelope. With fewer optical modes being 

present in the signal after being filtered, along with an 

efficient method for thermally stabilizing the fiber delay, 

the output of this OEO should have lower phase noise and 

timing jitter compared to other implementations. One of 

our experimental results using an SRF cavity is shown in 

the Fig. 8. 

As expected, the OEO with the longer loop exhibits 

improved sideband suppression better performance 

compared with the short loop which has a length of 

approximately 100 m. Here, niobium band-pass filter of 1 

KHz bandwidth is used. The frequency of SRF cavities 

can be tuned by translating a dielectric rod into the cavity. 

 

Fig. 8. Electrical output of our OEO set up. The 

superconducting niobium band-pass filter has Q of 1 

billion. The longer loop (2Km) had shown better 

phase noise performance compare to the shorter 

fiber loop (100m) 

CONCLUSION 

Since their invention just over 20 years ago the overall 

performance of OEOs has improved dramatically and the 

devices have become more practical (HI-Q
TM

 NANO 

OEO, OE waves). We expect that the need for practical 

tabletop frequency sources will drive further development 

of this type of device. 
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