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Abstract— Optoelectronic oscillators are a promising source
of spectrally pure, easily tunable microwave signals. These
oscillators use a low-loss fiber optic delay line as a very high
Q resonant cavity. However, length-dependent sources of phase
noise prevent the full Q of the resonant cavity from being realized.
Here we show evidence that this length-dependent phase noise is
in part dependent upon the optical power and laser noise. This
dependence is consistent with the conversion of laser noise to
phase noise via the Kerr effect.

I. I NTRODUCTION
Optoelectronic oscillators (OEOs) use an optical delay line
in a feedback loop to form a high-Q cavity with ultra-low
phase noise [1], [2]. Because OEOs are inexpensive, easily
tunable, and produce signals in the optical or RF domain they
are under investigation for a wide range of applications. The
length of the fiber delay line leads to a tradeoff between the Q
and mode spacing of the OEO: longer delay lines increase the
Q of the resonant cavity but decrease the mode spacing. This
decrease in mode spacing leads to spurious oscillating modes
(spurs) within the bandwidth of the OEO’s filter. In other work
we show that a dual-injection-locked OEO configuration can
result in a 60 dB reduction in spurs [3], [4]. To find the optimal
configuration that results in ultra-low phase noise and low
spurious modes we have begun a systematic study of phase
noise sources and techniques for mitigating these sources. In
previous work we have shown that a length dependent flickernoise is present [5], [6]. For small offset frequencies from the
carrier this length-dependent flicker-noise results in a deviation
in the phase noise dependence on loop-length from the original
theoretical model developed by Yao and Maleki [1], [2].
To further reduce the phase noise and find the optimum
configuration we have begun a systematic study of phase
noise sources. These sources can be broadly categorized as
length-independent and length-dependent. Examples of lengthindependent sources include the RF amplifier and laser driver.
Length-dependent phase noise is of particular interest because
this phase noise counters the nominally higher Q achieved by
using longer delay lines. In this work we focus on identifying
sources of optically induced length-dependent phase noise,
including Kerr nonlinearity, chromatic dispersion and stimu-

lated Brillouin scattering. We show evidence that is consistent
with the hypothesis that the source of the length-dependent
phase noise is the conversion of laser noise into phase noise
via the Kerr effect. Because phase noise measurements only
measure the dominant source of phase noise, these results do
not exclude other length-dependent sources of phase noise,
such as vibration and thermal effects.
Additionally, we will show that for short loops, the phase
noise at low-offset frequencies is dominated by electrical noise
in the RF section of the OEO. For long fiber lengths the phase
noise is dominated by optically induced phase noise.
II. M ETHODS
We used a single-loop OEO configuration consisting of
an 80 mW DFB laser with a wavelength of 1550 nm, a
Mach-Zehnder electro-optic amplitude modulator, photodetector, three low phase noise microwave amplifiers that provide 60
dB of gain and an RF bandpass filter with a 10 GHz center
frequency and an 8 MHz bandwidth. The large amount of
RF gain was necessary so that we could investigate a broad
range of optical powers. To minimize intrinsic sources of 60
Hz and harmonics our laser drivers and photodetectors are
powered by batteries. To investigate the length dependence of
the phase noise, we used fiber delay lines of length 40 m,
500 m and 6 km. To investigate the optical power dependence
and the laser noise dependence of the phase noise, we varied
the optical power into the fiber delay line using two different
approaches. In the first approach we operated the laser at the
full rated power of 80 mW, and adjusted the optical power into
the fiber with a variable optical attenuator, placed between the
modulator and the fiber delay line. In the second approach,
we adjusted the drive current of the laser to vary the optical
power into the fiber delay line. Fig. 1 shows that the laser
noise increases with decreasing drive current. Thus the first
approach holds constant the signal-to-noise ratio (SNR) of the
laser, while the second approach varies the SNR of the laser.
The maximum optical power that we could inject into the fiber
delay line was 12 dBm. This power level was determined by
the combined losses of the amplitude modulator, the optical
attenuator and the associated connectors. We measured the

Fig. 1. Laser noise with drive current of 380 mA (blue) and 200 mA (red).
The noise of the laser increases with decreasing drive current.

phase noise of the OEO with a dual-photonic-delay crosscorrelation system[7].
We investigated two other potential optical sources of
length-dependent phase noise. One effect is the conversion
of frequency noise into phase noise via chromatic dispersion.
The other is stimulated Brillouin scattering. To investigate the
effect of chromatic dispersion we compared the phase noise
of a 6 km OEO with a single-mode fiber (SMF) delay line
with a 6 km OEO with a dispersion-shifted fiber (DSF) delay
line.
To investigate the possible presence of stimulated Brillouin
scattering (SBS) we measured the back-reflected optical power
in a 6 km OEO for optical powers fro –2 to 12 dBm. Because
the loss from the optical modulator limits the maximum optical
power we can inject into the fiber delay line, we also measured
the back-reflected optical power an 80 mW laser that was
connected directly to a 6 km fiber spool.
III. R ESULTS AND D ISCUSSION
We focus our discussion on the phase noise for carrier offset
frequencies of 10 Hz to 1 kHz. This range of frequencies is
within the Leeson bandwidth and is therefore dependent upon
the Q of the cavity. For offset frequencies greater than 10 kHz,
the phase noise is dominated by the ratio of the signal from
the photodetector to the additive noise of the RF amplifiers.
This dependence will be discussed further elsewhere. However
we note here that to achieve high signal levels from the
photodetector, high optical powers must be injected into the
fiber delay.
We first consider the length dependence of the phase noise.
Fig. 2 shows the phase noise of a 40 m, a 500 m and a 6 km
OEO where the optical power into the delay line was set to 12
dBm by varying the laser driver current. The absence of phase
noise due to 60 Hz and harmonics in the 6 km data indicate
that as the fiber delay length increases there is a transition
between the dominant sources of phase noise. For the 40 m

Fig. 2. Phase noise of a 40 m (green), a 500 m (blue) and a 6 km (red)
OEO with 12 dBm of optical power into the fiber delay set by adjusting the
laser drive current.

OEO the close-in phase noise is dominated by 60 Hz and
harmonics, which in our configuration arise primarily from
the RF amplifiers. Because the 60 Hz phase noise is additive,
the relative contribution from 60 Hz to the phase noise of the
OEO above the level set by the Q will remain the same. The
phase noise of a 40 m OEO at 60 Hz offset is approximately
20 dB above the level set by the Q of the cavity. In the 6 km
OEO the tip of the 60 Hz phase noise is just barely visible.
This result suggests that length dependent sources of phase
noise increases the phase noise by approximately 20 dB.
Figs. 3 and 4 show the phase noise of a 40 m and 6 km
OEO respectively. These data show the phase noise for optical
powers set by attenuator of –2, 6 and 12 dBm into the fiber
delay line. For offset frequencies below a 1 kHz offset the
phase noise of the 40 m OEO does not change significantly
with optical power. However in the 6 km OEO, when the
optical power injected into the spool is 12 dBm, the phase
noise at a 10 Hz offset increases by more than 10 dB relative
to optical powers of 6 and –2 dBm. Thus for long fiber delay
lines, the phase noise depends on the optical power into the
fiber.
Figs. 4 and 5 shows the phase noise for a 6 km OEO with the
optical power set by attenuator and drive current respectively.
Comparing Fig. 4 and 5, the data show that when the optical
power is set by adjusting the laser drive current, there is no
reduction in the close-in phase noise with lower optical power.
Therefore, the close-in phase noise is dependent on the laser
noise.
Combining these results, we conclude that the close-in phase
noise is dependent on fiber length, optical power and laser
noise. These results are consistent with the conversion of laser
noise to phase noise via the Kerr effect.
Another possible physical mechanism we investigated is
the conversion of laser frequency noise into phase noise via
chromatic dispersion. Figs. 6 and 7 compare the phase noise

Fig. 3. Phase noise of a 40 m OEO. We used an attenuator to set the optical
power into the fiber delay line to –2 dBm (green), 6 dBm (blue) and 12 dBm
(red).

Fig. 5. Phase noise of a 6 km OEO. We varied the laser driver current to set
the optical power into the fiber delay line to –2 dBm (green), 6 dBm (blue)
and 12 dBm (red).

Fig. 4. Phase noise of 6 km OEO. We used an attenuator to set the optical
power into the fiber delay line to –2 dBm (green), 6 dBm (blue) and 12 dBm
(red).

Fig. 6. Phase noise of a 6 km OEO with an SMF (blue) and DSF (red) delay
line. We used an optical attenuator to set the optical power into the delay line
to 6 dBm.

of a 6 km OEO with either an SMF or DSF delay line, for
6 and 12 dBm optical power into the fiber spool respectively.
If chromatic dispersion were the dominant source of length
dependent phase noise then DSF OEO should have lower
phase noise. However, no reduction is observed when DSF
fiber is used.
Fig. 8 shows the back reflected optical power versus input
optical power for a 6 km fiber spool and 6 km OEO. Higher
optical powers were achieved for the fiber spool data because
no modulator was placed between the laser and the fiber delay
line. The data show that the onset of SBS occurs at optical
powers of approximately 13 dBm. The backscattered optical
power measured from the delay line of a 6 km OEO indicates
that for optical powers from –2 to 12 dBm the OEO operates
below the SBS threshold.

IV. C ONCLUSION
We have investigated optically-induced length-dependent
sources of phase noise in OEOs. We have shown that the
close-in phase of the OEO is dependent on fiber length, optical
power and laser noise. This dependence is consistent with
the conversion of laser noise into phase noise via the Kerr
effect. For the optical powers that we used, we showed that
our OEO operates below the SBS threshold. Also, chromatic
dispersion is not a dominant source of length-dependent phase
noise. These results do not rule out other length-dependent
mechanisms such as thermal and vibration effects.
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cross correlation method for phase noise measurement,” Int. Freq. Cont.
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Fig. 7. Phase noise of a 6 km OEO with an SMF (blue) and DSF (red) delay
line. We used an optical attenuator to set the optical power into the delay line
to 12 dBm.

Fig. 8. Back reflected optical power vs injected optical power for a 6 km
spool (blue) and 6 km OEO (red).
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