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Abstract: High-fidelity photodetection enables the transfer of the low noise inherent to
optical oscillators to the microwave domain. However, when photodetecting optical signals
of the highest timing stability, photodiode flicker (1/f) noise can dominate the resulting timing
jitter at timescales longer than ∼1 ms. With the goal of improving femtosecond-level timing
fidelity when transferring from the optical to microwave domain, we vary the duty cycle of a
train of optical pulses and show that the photodetector flicker phase noise on a photonically
generated 1 GHz microwave signal can be reduced by ∼10 dB under ultrashort pulse
illumination, reaching as low as −140/f dBc/Hz. In addition, a strong correlation between
amplitude and phase flicker noise is found, implying a single baseband noise source can
modulate both quadratures of the microwave carrier. These findings expand the limits of the
ultimate timing stability that can be transferred from optics to electronics.

Index Terms: 1/f noise, microwave phase noise, photodiodes.

1. Introduction
Photonic systems offer a compelling solution for microwave signal generation, processing, and
dissemination thanks to the low noise of optical sources, the broad bandwidth supported by
optical fiber and components, and the ability to transmit over large distances with extremely low
loss [1]. Indeed, photonics can outperform traditional microwave techniques in areas such as low
noise signal generation [2]–[6], timing synchronization [7], [8], arbitrary waveform generation [9],
and high-speed signal processing [10], [11]. In such applications, high-fidelity optical-to-electrical
conversion is nearly always required such that the microwave signal that has been generated or
processed optically can be delivered to the end user. It is therefore valuable to characterize the
noise and nonlinearities inherent in photodetection.

An important subset of photonic links requires high-fidelity detection of ultrashort optical pulses.
For example, generating ultrastable microwaves with instability below 10−15 at 1 second derived
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from optical atomic clocks and oscillators entails photodetection of optical pulse trains with fem-
tosecond timing jitter [2]–[4]. In addition to contending with the nonlinearity of detecting high peak
powers [12]–[15], transferring the exquisite timing available from optical sources to the microwave
domain is extremely sensitive to excess noise such as photocurrent shot noise and flicker noise.
Of these, flicker noise is least well understood [16]–[18], and it is the largest noise contributor to
optical-to-microwave frequency down-conversion for timescales longer than ∼1 ms. As optical clock
performance continues to improve, finding ways to mitigate photodetector flicker noise in photonic
microwave generation gains importance.

Here we explore how photodiode flicker noise is transferred from near baseband to the mi-
crowave carrier, with the aim of finding ways to reduce the impact of flicker on the phase noise
of photonically generated microwave signals. By varying the temporal width of the optical pulses
illuminating a photodiode, we manipulate the mapping of photodiode flicker noise onto microwave
phase and amplitude. We find the phase noise component of the flicker noise is reduced when
detecting short pulses by as much as 10 dB, reaching below −140/f dBc/Hz on a 1 GHz carrier,
with corresponding fractional frequency instability below 1 × 10−16/τ . This behavior is explained
with a cyclostationary noise model with good agreement between the measured and predicted
phase noise reduction. In addition, we show that the amplitude and phase flicker noise are highly
correlated, and we present how this correlation impacts noise measurements. To our knowledge
these are the first experimental demonstrations of flicker phase noise reduction by using ultrashort
pulses, and the first demonstration that photodiode flicker noise is correlated between amplitude
and phase quadratures.

In the following section, we introduce the simple models through which we interpret the imbal-
ance between the flicker amplitude and phase levels, and how we expect correlated amplitude
and phase flicker noise to impact our measurements. The experimental setup is then explained in
Section 3, followed by measurement results in Section 4 and conclusions in Section 5.

2. Empirical Noise Models
The amount of flicker noise that a photodiode imposes on a photonically generated microwave
carrier is determined by two distinct effects. First is the semiconductor physics that leads to the
∼1/f behavior in the noise power spectral density at frequencies near DC [19]–[22]. While no
comprehensive model for the physical origins of flicker noise in high-speed photodetectors has
been proposed, carrier trapping and de-trapping [23], mobility fluctuation, and charge carrier
number fluctuation [20] are generally accepted as important contributors. Second, when the
photodetector is illuminated by a time-varying optical power, this noise modulates the amplitude
and phase of the generated microwave signals, essentially up-converting the near-DC flicker noise
into near-carrier noise. This noise up-conversion process may originate from the modulation of
one or more parameters of the detector. For example, noise on a voltage source used to bias
a photodiode, including flicker, will modulate the electric field in the detector, and in turn the
microwave phase and amplitude. Importantly, the flicker noise is proportional to the square of
the photocurrent [21], [24]. Therefore, in the detection of optical pulses, flicker noise only exists
over the duration of the photocurrent pulse. (This is in contrast to thermal noise, which is present
at all times regardless of whether photocurrent pulses are present.) As described in Section 2.1,
the nonstationary nature of the flicker noise implies the relative level of the amplitude and phase
noise is dependent on the width of the current pulse. Furthermore, if the noise is derived from
a single baseband phenomenon, the amplitude and phase noise are expected to be correlated.
Ramifications of correlated amplitude and phase are described in Section 2.2.

2.1 Pulse Width Dependence

When photodetecting optical pulse trains, noise processes that are only present over the duration of
a pulse are cyclostationary, i.e., the noise statistics, such as mean and variance, are periodic in time
[25]. In addition to flicker noise, examples include shot noise [26], [27], and signal-spontaneous beat
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Fig. 1. Expected distribution of flicker noise in amplitude and phase quadratures on a 1 GHz carrier for
a train of Gaussian pulses, as computed from (1) and (2). In the long-pulse limit, AM and PM noise
have equal magnitudes. For short pulses, the AM noise is increased by up to 3 dB, whereas the PM
noise is significantly reduced.

noise from optical amplifiers [28], [29]. In reference [27], an analytical cyclostationary model was
presented that predicted that short pulse detection will lead to an imbalance of amplitude and phase
noise arising from photocurrent shot noise. While there are important differences between shot
noise and flicker noise, the shared cyclostationary nature of the noise sources suggests we may
still determine the imbalance between amplitude and phase flicker noise based on the development
in [27].

When detecting short pulses with a repetition rate of frep, the photodetector produces photocur-
rent at frequencies nfrep, where n is a positive integer. The photodetection noise manifests as noise
sidebands at nfrep ± δf , each of which is divided between amplitude modulation (AM) noise and
phase modulation (PM) noise. From [27], the amplitude and phase noise power spectral densities
arising from a cyclostationary process are given by

LAM(PM )(f ) = (1 ± C) Lavg(f ). (1)

Here, the plus (minus) sign corresponds to AM (PM) noise, Lavg(f ) is the average of AM and PM
noise power spectral density, and C gives the imbalance between the amplitude and phase noise,
expressed as

C = I
(
2nfrep

)

I (0)
. (2)

In (2), I(2nfrep) is the magnitude of the Fourier transform of the photocurrent pulse at twice the
frequency of interest and I(0) is the value at 0 Hz. In the limit of infinitely short pulses, all the
peaks at integer multiples of frep have equal heights in the frequency domain, resulting in C = 1.
In this case, the noise completely resides in the amplitude quadrature. For nonzero pulse widths,
I(2nfrep) is less than I(0), yielding a C that is less than 1, and some fraction of the noise in the
phase quadrature. When C ≈ 0, corresponding to long pulse widths, the noise is distributed equally
between amplitude and phase quadratures.

Expected deviations of AM and PM noise from this long-pulse limit on a 1 GHz carrier is plotted
in Fig. 1 for a train of Gaussian shaped pulses. For each pulse width, we computed C by taking
the Fourier transform of the pulse shape and using (2). Equation (1) then gives the expected
magnitudes of AM and PM noise. Note that the separation of AM and PM is different for different
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pulse shapes, even with the same FWHM. We experimentally observed that, after taking into
consideration the detailed pulse shape, the distribution of flicker noise between amplitude and
phase noise closely follows what is expected from this model (Section 4.1).

It is important to note that the presented model only tells us the separation between AM and
PM, not the absolute level. It is interesting to consider if the absolute level of Lavg can change as a
function of pulse width as well. Nonlinearity as measured by amplitude-to-phase (AM-to-PM) noise
conversion is known to change with pulse width [30], and it is possible that the DC flicker level can
vary, similar to what has been observed in MOS transistors with modulated bias [31]. Section 4.1
presents experimental evidence that under certain conditions, Lavg does indeed change.

2.2 Correlation of Amplitude and Phase Flicker Noise

An experimental demonstration of correlated amplitude and phase flicker noise from a photodiode
could provide insight into the physical origins of the flicker noise. More than this, proper determi-
nation of the imbalance between LAM and LPM must take into consideration whether the amplitude
and phase flicker noise are correlated. To see this, consider a microwave signal under test with
amplitude noise a(t ) and phase noise φ(t ):

[1 + a (t )] cos
[
2πnfrept + φ (t )

]
. (3)

Measurement entails comparing (multiplying) this signal with a reference signal
cos(2πnfrep + �r ), where the demodulation angle �r determines whether the extracted noise
is amplitude noise, phase noise, or a combination of both. Experimentally, the multiplication
happens at a mixer and �r is set by a phase shifter. When �r = 0 the demodulated signal is
proportional to a(t ) and when �r = π/2 the mixer output is proportional to φ(t ). In general, the
mixer output is proportional to (after low-pass filtering and AC coupling) [32]

a (t ) cos �r + φ (t ) sin �r . (4)

Both a(t ) and φ(t ) are complicated functions of time, but it is instructive to consider amplitude
and phase modulation at a single frequency ωm. The results of this analysis can be generalized to
all modulation frequencies when a(t ) and φ(t ) are both much less than one. When a(t ) and φ(t ) are
correlated, there is a fixed phase relationship between the two. In other words, if we express the
amplitude modulation as

a (t ) = AAM cos (ωmt ) , (5)

then there is some constant relative angle θ such that the phase modulation is given by

φ (t ) = APM cos (ωmt + θ ) . (6)

Demodulation by the reference signal can be interpreted as a projection of the noise onto a line
in the IQ plane (Fig. 2(a)). Therefore, by demodulating correlated AM and PM noise we take the
projection of the vector sum of a(t ) and φ(t ) onto the line defined by �r .

When a(t ) and φ(t ) are correlated, the vector sum traces out an ellipse with a period of 2π/ωm.
The shape of the ellipse is determined by APM/AAM and θ . Examples of some special cases are
shown for different values of APM/AAM and θ in Fig. 2(b)-(d). Note that when θ = 0, corresponding to
the case when amplitude and phase noise are in phase, the demodulated signal is very small for
certain demodulation angles, namely when

�r,min = arctan (APM/AAM ) + (π/2 or 3π/2). (7)

More generally, when θ = 0 the demodulated power at ωm as a function of angle �r is
proportional to

(
A2

AM + A2
PM

)
sin2 (�r − �r,min ) . (8)

Thus, when the AM and PM are correlated with θ = 0, a low noise output can be found for any
ratio of AM to PM simply by tuning to the correct demodulation angle. Precise knowledge of the
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Fig. 2. Demodulation of correlated amplitude and phase noise. (a) The process of noise demodulation
can be considered as a projection onto a line in the IQ plane defined by the demodulation angle �r .
(b)–(d) Example IQ plane representations for correlated AM and PM for different AM/PM ratios and
relative angle θ . When amplitude and phase noise are correlated, the vector sum of the combined noise
traces out an ellipse in general. When θ = 0, the vector sum traces out a line, and the demodulated
signal can be very small for certain demodulation angles (shown with dotted arrows).

Fig. 3. Experimental setup. Two 1 GHz tones derived from a common source are compared with
each other for the measurement of photodetection noise. Control parameters in the experiment are
highlighted with red dotted boxes. MLL: Modelocked laser; AOM: Acousto-optic modulator; MUTC
PD: Modified uni-traveling carrier photodiode; α: Variable attenuator; φ: Variable phase shifter; BPF:
Band-pass filter; DBM: Double balanced mixer; FFT: Two-channel fast Fourier transform spectrum
analyzer.

demodulation angle is therefore important to avoid underreporting the phase or amplitude noise. In
Section 4.2, we show the amplitude and phase noise are correlated with θ = 0, and further show
that the demodulation angle that gives the lowest noise is consistent with the separately measured
ratio APM/AAM .

3. Experimental Setup
A schematic of the photodiode flicker noise measurement system is shown in Fig. 3. Two 1 GHz
tones were derived from a common optical source and compared. The optical source consisted
of an Er:fiber mode-locked laser with repetition rate of 250 MHz, followed by dispersive optical
fiber, added in 50 m increments, to control the optical pulse width. The native repetition rate of
the mode-locked laser was increased to 1 GHz by way of a 2-stage optical pulse interleaver. The
inclusion of the pulse interleaver increases the microwave saturation power and improves detector
linearity by reducing the energy per incident pulse [29], [33]. After the interleaver, pulses were
launched into free-space and directed onto two modified uni-traveling carrier (MUTC) photodiodes
designed for high linearity and high power, with active regions of 34 μm and 50 μm [34], [35]. An
acousto-optic modulator was placed in the beam path prior to the 50 μm detector, where the 0th

order output was used to modulate the pulse energy for demodulation angle calibration. Focusing
lenses controlled the optical spot size on the detectors. The MUTC photodiodes generated a series
of electrical pulses with an average photocurrent of 2 mA under −8 V bias. In the frequency domain,
this corresponds to an array of tones at integer multiples of the pulse repetition frequency. A single
tone (1 GHz in our case) was selected from each photodetected signal for measurement. At 2 mA
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of average photocurrent, the power of the 1 GHz tone was −4 dBm and −6 dBm for short and long
pulses, respectively.

In anticipation of very low flicker noise levels [16], [17], an interferometric carrier suppression
method [36], [37] was used to measure the amplitude and phase noise of the 1 GHz signals.
The interferometer arms consisted of the two signal paths beginning at the optical beam splitter
and ending at the microwave hybrid coupler. The phase and amplitude of the microwave signal
in one path was adjusted such that the 1 GHz carrier in the “dark” port (
) was suppressed by
>60 dB. Carrier suppression results in a commensurate reduction of the flicker noise contribution
from subsequent microwave components such as amplifiers and mixers [16]. The overall effect of
the interferometric carrier suppression is amplification of the photodiode flicker with substantially
less added noise close to carrier. The measurement noise floor was obtained by splitting the
common signal from one photodiode in the interferometer. The noise floor level was insensitive
to the demodulation angle. As shown below, this floor was low enough to reveal the desired
photodiode flicker noise.

For noise demodulation, the 1 GHz signals from the dark and bright (�) ports of the interfer-
ometer were multiplied with each other at the mixer, and the mixer output was low-pass filtered.
The resulting baseband signal was sent to a fast Fourier transform (FFT) spectrum analyzer for
analysis. A phase shifter placed before the mixer was used to set the noise demodulation angle.
This phase shifter was first calibrated to a demodulation angle of 90° by suppressing the amplitude
modulation tone imposed by the AOM. Other demodulation angles were reached by adjusting the
phase shifter knob by a calibrated number of turns. Noise levels were calibrated via the single
sideband method [38].

In order to measure the correlation between AM and PM flicker noise, another branch dedicated
for AM measurement was added. The interferometer dark port output was split, part of which
was amplified (not shown in Fig. 3), and then directed to an RF diode detector. The AM noise
measured with the diode detector and simultaneously measured PM noise were sent to a two-
channel FFT spectrum analyzer to compute the cross spectral density and phase. We note that the
agreement between the AM noise measured with the RF diode detector and from the mixer with 0◦

demodulation angle was excellent.
Since these measurements required high sensitivity at small offset frequencies, abundant care

was taken to make sure that environmental noise or the measurement system itself did not corrupt
the data or lead to its misinterpretation. As noted in [16], it is very easy to mistake technical noise
for photodiode flicker noise. Here we list some potential noise sources that could have otherwise
spoiled the integrity of data and the precautions we took against them.

The optical pulse source has intensity and timing fluctuations far above the level of measured
photodiode flicker noise, with a relative intensity noise (RIN) of −110 dB/Hz at 10 Hz offset
frequency and a timing jitter noise corresponding to −35 dBc/Hz at 10 Hz offset frequency on
a 1 GHz carrier. However, the combination of the interferometric carrier suppression method
and common mode rejection eliminates their effects on the final measurement [36]. The carrier
suppression method not only suppresses the 1 GHz carrier, but also the amplitude and phase
noise of the source oscillator at the same level of carrier suppression, >60 dB in our case. Thus,
the remaining laser RIN is below −170 dB/Hz at 10 Hz, and has a negligible contribution to our
amplitude noise measurements. The pulse-to-pulse timing noise of the optical source is further
suppressed by the common-mode rejection at the mixer. Given the short path length difference
between the two branches leading to the mixer in our experiment (<1 m), we estimate the common
mode rejection of the source oscillator phase noise to be greater than 130 dB at 10 Hz offset
frequency [39]. This doubly suppressed phase noise of the source, after >190 dB suppression,
would show up at <−225 dBc/Hz at 10 Hz offset frequency in the final measurement, well below
our measurement floor.

To ensure that AM-to-PM conversion effects do not lead to a misinterpretation of the data,
for example, when calibrating the demodulation angle through minimization of the AOM tone,
separate measurements of the AM-to-PM conversion ratio were taken [15]. For various pulse
widths, photocurrents, and spot sizes used in the experiment, the AM-to-PM conversion ratio was
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always less than −25 dB. This leads to a maximum error in the demodulation angle of less than 4°.
Moreover, this low AM-to-PM conversion, combined with the measurement system common mode
rejection, results in negligible RIN impact on the phase noise measurements.

Various other measures were taken to strictly control experimental parameters, some of which
turned out to be essential. To avoid noise generated by backscattering in the fiber and at fiber
interfaces [40], [41], optical isolators were added at each end of the dispersive broadening fiber
and most fiber connections were spliced. All fibers were taped down to prevent polarization drifts.
All free-space optics were doubly enclosed to avoid alignment fluctuations due to air currents,
as well as for acoustic isolation. Microwave isolators were inserted at various points such that
back reflections could not perturb the carefully set carrier suppression. Frequency diplexers were
placed immediately after each bias tee to separate repetition rate harmonics >4GHz, which
were subsequently terminated into 50 Ohms, to minimize their back reflection to the photodiode.
Moreover, the use of the pulse interleaver reduced unwanted repetition rate harmonics by more
than 25 dB, minimizing their back reflection to the photodiode. The photodiodes were mounted on
temperature-controlled heat sinks. Measurements were taken when there was no human activity
nearby, with the experimenter initiating the measurement >1m away.

4. Results and Discussion
4.1 Pulse Width Dependence

Electrical pulses from the 50 μm MUTC detector for various amounts of dispersive fiber broadening
are shown in Fig. 4(a). Without any additional optical fiber, the MUTC photodiodes produced
impulse response-limited electrical pulses with a full width at half maximum (FWHM) of 30 ps. The
addition of extra fiber lengths of 100 m, 200 m, or 300 m broadened the photodetected electrical
pulses to a FWHM of 80 ps, 140 ps, and 190 ps.

Phase and amplitude noise for the shortest and longest pulse durations are shown in Figs. 4(b)
and 4(c). As expected from the cyclostationary model, a large separation between AM and PM
flicker noise of about 10 dB was observed for the shortest pulses. In contrast, for the longest pulses,
the noise was distributed almost evenly between AM and PM. For pulse widths in between these
two extremes, the separation of AM and PM flicker noise was intermediate, as shown in Fig. 5(a).
The expected separation of AM and PM based on (1) is represented by the shaded region, in good
agreement with the experimental results. Since, as stated above, the model only predicts the ratio
of AM and PM values and not the absolute level, the center of the shaded region was chosen to lie
on

√
LAMLPM for each pulse width.

To test the consistency of the results under other experimental conditions, the same mea-
surement was repeated as the illumination spot size on one detector was changed by moving
the focusing lens. Some representative results are shown in Fig. 5(b)–(d). The FWHM of the
illumination spot was varied from 5 μm to 40 μm, where the maximum spot size of 40 μm
corresponded to a lens displacement of 230 μm from the position that gave the smallest spot
size. Shorter pulses produced a larger imbalance of AM and PM flicker for all illumination spot
sizes. However, varying the illumination spot size revealed that the total flicker noise LAM + LPM can
change with the pulse width as well as with illumination spot size. This is most pronounced for
50 μm lens position where the shortest pulses do not yield the lowest flicker noise. This may be
related to the changing photodiode nonlinearity associated with changing peak intensity, similar
to how photodiode nonlinearity affects AM-to-PM conversion [15]. While the AM-to-PM conversion
changes with pulse width and with spot size, no clear trend between lower AM-to-PM conversion
and lower total flicker noise was observed. More investigation is needed to understand the variation
in LAM + LPM .

The experimental data in Fig. 5 show that the cyclostationary noise model accurately describes
the reduction of photodiode flicker phase noise when detecting short pulses. The reduction of phase
noise by as much as 10 dB demonstrated here can be valuable for applications that call for precise
reproduction of pulse timing such as optical frequency division. Indeed, these results may explain
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Fig. 4. Pulse widths and flicker noise on a 1 GHz carrier. Reported noise levels are for two photodetec-
tors. (a) Normalized electrical pulses for different lengths of added fiber. (b) Amplitude and phase single
sideband (SSB) flicker noise for short pulses (no added fiber). Phase noise is lower than amplitude
noise by about 10 dB. (c) Amplitude and phase SSB flicker noise for long pulses (with 300 m added
fiber). Amplitude and phase noise are at a comparable level. The higher measurement noise floor in
(c) is largely due to the lower 1 GHz power in broad pulse detection. The strong tone at 50 kHz in the
AM noise plots is the AM calibration tone applied to the AOM. Noise spikes between 100 Hz and 400
Hz are acoustic and seismic in origin.

why phase flicker levels nearing −140/f dBc/Hz have been seen under short pulse detection [4],
[17], [42], whereas phase flicker measurements under modulated CW light illumination have been
10 to 15 dB higher [16], [43], [44]. Further improvement in flicker phase noise can be expected
for faster photodiodes that produce shorter impulse response-limited electrical pulses. For a given
photodetector, it is better to use shorter pulses as long as detector saturation and nonlinearity do
not pose limitations in achievable power or AM-to-PM conversion.

While the focus of this study has been the flicker noise, it is interesting to note that the AM and
PM white noise levels follow a similar trend as a function of pulse width. The white noise levels
are too high to be explained by either shot noise (maximum value below -160 dBc/Hz for the pho-
tocurrent and pulse widths used) or thermal noise (given by the measurement floor). We therefore
assume the excess white noise to originate from baseband as well. Further evidence for this is the
fact that the small noise peak around 8 kHz in Fig. 4(b) and (c) is also seen in the baseband voltage
noise of the photodetector bias sources. In this case, we would expect the AM and PM white noise
floors to follow the same pulse width dependence.

4.2 Correlation of Amplitude and Phase Flicker Noise

While investigating the imbalance of amplitude and phase flicker noise for short pulse detection,
we found that for some demodulation angles, the measured flicker noise was lower than the
flicker phase noise. An example is shown in Fig. 6, where the lowest level of flicker noise is at
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Fig. 5. Measured distribution of amplitude and phase flicker noise for various pulse widths and spot
sizes. (a)–(d) The measured separation of AM and PM flicker noise matches the expected separation
from (2) for all illumination spot sizes. Shorter pulses produced larger imbalance between AM and PM
flicker noise. The illumination spot size was changed by displacing the focusing lens highlighted in Fig.
3. Error bars represent statistical uncertainty given by the variance in the flicker noise power spectral
density.

a demodulation angle of 110◦. This is a consequence of the correlation between amplitude and
phase flicker noise. As discussed in Section 2.2, when AM and PM noise are correlated with a
relative phase of θ = 0 the demodulated noise can be very small at well-defined demodulation
angles. Indeed, for the measured ratio of AM and PM noise, the demodulation angle of 110◦ is the
special angle that produces low demodulated noise, provided that AM and PM are correlated with
θ = 0.

The phase relationship between AM and PM flicker was verified with a direct measurement
of the relative angle via the cross spectrum. Fig. 7 shows the cross spectral density and phase
from simultaneously measured photodiode AM and PM noise for short pulses and long pulses.
For uncorrelated signals the cross spectral density averages to zero, and the phase is random
[45]. Here however, the measured cross spectral density converges to a finite value, and the
phase converges to 0◦. This indicates a correlation between AM and PM noise, and that the
correlated noise is in phase for both long and short pulses. In Fig. 7, the absolute level of
the noise cross spectral density is chosen arbitrarily to be 0 dB/Hz at 1 Hz offset. Whereas
this demonstrates the correlated noise close to carrier is of flicker type, we additionally use the
coherence function LAM, PM/

√
LAMLPM , where LAM, PM is the cross spectral density between AM

and PM, as a measure of the strength of the correlation. This function ranges from a value of
1, corresponding to perfect correlation, to 0 for completely uncorrelated signals [25]. For the results
presented in Fig. 7, the coherence function was above 0.7 in the flicker noise region between 1
Hz and 100 Hz for both short and long pulses, indicating strong coherence between amplitude and
phase.

Once the magnitudes of AM and PM flicker noise and their relative phase are known, the flicker
noise for any demodulation angle can be calculated from (8). Figs 7(c) and 7(d) show the measured
flicker noise along with the prediction from (8) for different demodulation angles. The measured
flicker noise closely follows the expected level, indicating that the low flicker at 110° demodulation

Vol. 13, No. 3, June 2021 5500213



IEEE Photonics Journal Reduction of Flicker Phase Noise

Fig. 6. Photodiode flicker noise for short pulse detection (∼30 ps electrical pulse FWHM) on 1 GHz
carrier, measured for different demodulation angles. PM flicker noise is lower than AM flicker noise
as expected from cyclostationary noise model. Flicker noise for a demodulation angle of 110◦ is even
lower. This is due to the correlation between AM and PM flicker noise.

Fig. 7. Correlation between AM and PM flicker noise and its consequences. (a), (b), Cross spectral
density and phase between AM and PM flicker noise for short and long pulses. In both cases, the
cross-spectrum phase is constant, as opposed to random, indicating correlation between AM and PM
flicker. The scale for the cross spectral density is chosen arbitrarily. (c), (d), Measured flicker noise level
at 10 Hz offset (red dots) follows the prediction from equation (8) (blue lines), showing that the low
flicker level at certain demodulation angles is due to the correlation between AM and PM flicker noise.
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angle for short pulses is consistent with AM-PM correlation. For long pulses the minimum flicker
shifts to a demodulation angle near 45◦ as a result of the smaller imbalance of LPM and LAM .

Similar AM-PM correlations have been found in RF oscillators [45], [46], diodes [47], and
transistors [48], but to our knowledge, this is the first demonstration of AM-PM flicker correlation
in photodiodes. While the origin of this correlation is not known, correlated AM-PM is consistent
with the idea that a single baseband noise source will modulate both the amplitude and phase
of a photonically generated microwave. Importantly, the AM-PM correlation can be of practical
value for high-fidelity photodetection if the correlated AM is utilized to cancel the phase noise via
feedforward. A 10 dB reduction of the phase noise of a microwave oscillator has been achieved
with this method in [49].

5. Conclusion
Flicker noise in photonically generated 1 GHz microwave signals resulting from the detection of
optical pulse trains has been shown to be unequally distributed between amplitude and phase
quadratures. By measuring photodiode AM and PM flicker noise for different pulse widths, we
observed ∼10 dB reduction in phase noise for short pulses, reaching −140/f dBc/Hz, in good
agreement with a cyclostationary noise model. We also found strong correlation between AM and
PM photodiode flicker noise, the first such demonstration in high-speed photodiodes. The AM-PM
flicker correlation indicates a single baseband noise source can modulate both the amplitude and
phase of a microwave carrier, and has the potential to be used to further suppress phase noise.
These results provide valuable insight into the poorly understood photodiode flicker noise, and
points to a convincing path toward very high-fidelity photodetection that can support optical clock
stability beyond current state-of-the-art.
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