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FREQUENCY COMBS

The purest microwave oscillations

A new femtosecond frequency comb scheme is capable of generating microwave signals at a noise level below the
shot noise of light.

Enrico Rubiola and Giorgio Santarelli

espite the fact that time (and The oscillator we consider here is a at high optical power for which the shot
D equivalently frequency) is the mode-locked femtosecond laser whose noise exceeds the thermal noise of the

physical quantity that we can optical signal is converted to a microwave photodiode output load. An important
measure most accurately, the demand for signal by photodiode detection. The question is whether it is possible to
more precise and spectrally purer electrical ~ spectral purity of a photonic oscillator is overcome these noise limits.
oscillators is continually growing. Although  determined by its signal-to-noise ratio, Reporting in Nature Photonics,
optical techniques have a significant which is the ratio of the thermal and Franklyn Quinlan and colleagues have
part to play in the race towards the ideal shot noise to the microwave power. This now demonstrated that Poisson statistics
oscillator, they have some particularly measure is proportional to the optical does not apply to the sharp light pulses
challenging problems. power P in the thermal region, and to VP generated by a femtosecond frequency



comb'. Consequently, at high optical
power, the jitter of the photodetected
microwave oscillation can be lower than
a generally agreed limit due to shot noise.
Circumventing the classical shot noise
therefore results in a net improvement in
the microwave spectral purity. Using this
principle, Quinlan et al. have realized a
noise floor for photodetected pulse train
timing of 25 zs Hz "2, which corresponds
to a phase noise of -179 dBc Hz™ for a
10-GHz carrier’; this is ~5 dB below that
predicted by the accepted stationary (time-
invariant) shot-noise behaviour.

It is insightful to consider the origin of
the terms ‘jitter’ and ‘spectral purity’ For
historical reasons, the oscillator spectral
purity is described by L(f) = S,(f)/2 and is
expressed in decibels relative to the carrier
(dBc). The quantity S,(f) is the power
spectral density of the random phase ¢ as
a function of the Fourier (offset) frequency
f. Alternatively, we can use the phase-time
fluctuation x = ¢/2nv, where v is the carrier
frequency. The associated power spectral
density is given by S.(f) = (1/2mv)°S,(f). For
example, -180 dBc at 10 GHz carrier gives
S, =2.25 x 102 s Hz™"2 (Fig. 1).

High-spectral-purity oscillators have a
wealth of potential applications. Among
them, modern radar is one of the most
demanding. The typical carrier frequency
for radar is in the 10-GHz band, and
the measurement time is determined by
the target range and speed. The ability
to detect small targets in cluttered and
hostile environments depends on the
oscillator phase noise. Some particle
accelerators require a very low jitter of a
few femtoseconds. High spectral purity
increases with increasing carrier frequency
because the phase-time fluctuation x is
proportional to 1/v.

A classical rule states that the additive
phase noise is given by S (f) = N/P,, where
P, is the microwave carrier power and
N is the noise power spectral density,
which accounts for shot effect and
thermal energy, and includes the noise
figure when appropriate. By using high-
power photodiodes, Quinlan et al. have
overcome this limitation by operating
their photodiodes in the pulsed shot-noise
regime. The underlying principle of their
approach is both conceptually simple and
technically difficult.

The shot noise is generally treated as
a Poisson process; that is, a stream of
memory-free statistically independent
events. The associated power spectral
density is Ny, = 2qIR, where q is
the electron charge, I is the average
photocurrent and R is the load resistance
(usually 50 Q). The implicit assumption
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Figure 1| Power spectral density of random phase for a 10-GHz femtosecond frequency comb detected
with a high-power photodiode and expressed in terms of different units. The brown and light-blue lines
are the shot noise given by Quinlan et al." in the stationary and pulsed shot-noise regimes, respectively. By
further reducing the shot noise, the pulsed shot-noise floor could reach the thermal noise (dashed line),
unless the microwave power increases proportionally. Flicker (1/f) noise is inherent in the detectors; the
lowest flicker noise is observed at =133 dBc at 1Hz (solid purple line). Owing to the photodiode flicker,
the full advantages of the pulsed-shot regime are attained only at 100 kHz and beyond. At the lowest
frequencies, the flicker-of-frequency noise of the Fabry-Pérot cavity (grey line with slope 1/f2) may limit

the spectral purity.

that the noise is stationary is not valid in
this case; rather, the femtosecond comb
is a relatively extreme cyclostationary
process. The statistics depends strongly
on the origin of time, but repeats with
the repetition rate v,. Instead of having
a uniform distribution, the shot noise is
clustered around the light peaks. There
is no noise during the dead time, when
the light is off. The sharp periodic pulses
introduce a periodic structure in the
noise spectrum, which Quinlan et al. have
exploited to reduce the phase noise’.

The pulsed shot-noise regime is based
on the wavefunction |¥|? and on its
semiclassical interpretation as the detection
probability in either space or time. If
a photon’s time of arrival is affected by
an uncertainty g, which is equal to the
pulse half-width (standard deviation),
the timing of an m-photon pulse will be a
factor of 5 m more precise. Consider, for
example, a stream of 4 x 10" photons s
(~8 mW, depending on the wavelength)
in 1-ps pulses with a repetition rate of
2 GHz. Because each pulse contains 2 x 10°
photons, the total jitter will be 7 x 107¢s,
uniformly distributed from zero to the
Nyquist frequency (1 GHz). However,
this trivial reasoning hides the need to
master a series of cutting-edge technologies
(such as an ultrapure Ti:sapphire laser,

pulse interleaving and high-power
photodiodes), not to mention numerous
experimental subtleties.

The generation of very pure microwave
signals from optics has been explored
by several groups® using Ti:sapphire
femtosecond lasers and erbium-doped fibre
femtosecond lasers. Hopefully, in the near
future, micrometre-scale resonators will be
used to implement a miniature frequency
comb®. The optoelectronic oscillator” is
an alternative path for which the classical
shot noise applies; this scheme has never
achieved a floor lower than approximately
-160 dBc.

The femtosecond laser is very stable at
f> 100 kHz (ref. 8), but its noise increases
rapidly with decreasing f. High frequency
stabilization in a high-finesse Fabry-Pérot
cavity overcomes this limitation’, and is
needed in most practical cases. A state-
of-the-art Fabry-Pérot cavity shows a
fractional frequency stability approaching
107" for measurement times in the range
0.1-1 s (refs 10,11). The reported data
indicate that the cavity stability is certainly
better than -170 dBc at an offset of 1 kHz
(10 GHz carrier).

Among microwave oscillators, the
sapphire whispering-gallery oscillator offers
the highest spectral purity and it is based on
reliable technology. At room temperature,



a 10-GHz oscillator has a phase noise of
-160 dBc (2.2 x 107" s Hz /) at 1 kHz offset
(ref. 12). The liquid-helium version' is of
great interest because it has a narrower
resonator linewidth (<100 kHz at 300 K to a
few hertz at 5 K). Both the room-temperature
and cryogenic devices are mature, fully
engineered and reliable oscillators'. The
pulsed shot-noise regime realized by Quinlan
et al. challenges sapphire-based technology.

In principle, the narrow optical pulses
and wide optical bandwidth required by
the femtosecond mechanism will give an
extremely low phase noise that is much
lower than any practical measurement
capability. On the other hand, the duration
of the microwave pulses is determined
by the photodiode and the microwave
bandwidth. Such electrical pulses are several
orders of magnitude longer than the optical
pulses and are subject to phase fluctuations.
Moreover, experience indicates that the
amplitude noise is difficult to control and
affects the phase noise.

The optical comb enables a phase
noise that is significantly lower than the

experimental spectra. The floor given by the
ratio of the thermal noise to the microwave
power gives a lowest bound for the phase
noise. At sufficiently high optical powers,
the shot noise in the detector will exceed the
thermal noise. The experimental discovery
of the pulsed shot-noise regime by Quinlan
et al.! provides insights into the detection
mechanism and opens the way to improve
the spectral purity of oscillators. On the other
hand, this regime is difficult to manage and
requires photodiodes capable of operating
in the linear regime at high peak powers

of over 100 mW. Further progress depends
on advances in semiconductor technology.
Finally, the best available photodiodes are
affected by 1/f phase noise, which is about
—133 dBc at an offset of 1 Hz. This is quite

a difficult technical problem. Microwave
amplifiers and other active devices that can
be used at the photodiode output are affected
by an even higher 1/f phase noise. Thus, the
1/f noise represents a technical problem that
can be overcome only by efforts in the fields
of optics, semiconductor technology and
microwave engineering.
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