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• frequency distribution systems
deep space network, VLBI, inter-lab link

• laser metrology

• photonic oscillators (Leeson effect)
(E. Rubiola, The Leeson effect, arXiv:physics/0502143)

Signal and noise

Virtually no information on AM/PM flicker is available

P!(t) = P! [1 + m cos 2!"0t]

iac(t) = !P!m [1 + "(t)] cos [#0t + $(t)]

microwave-modulated IR

microwave photocurrent
with AM and PM noise

Motivations

Si = 2qıwhite noise
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• the photodiode output is insufficient to saturate a mixer
• a preliminary survey suggests that the photodiode phase 
flickering is lower than that of a microwave amplifier 
(typical amplifier flicker -105 dBrad2/Hz at 1 Hz)

• we choose some photodiodes similar to one another, with a max 
speed of 12-15 GHz
(Discovery Semiconductors, Fermionics, Lasertron)

• a single-photodiode interferometric (bridge) scheme can’t work 
because the equilibrium condition is difficult

Experimental method (1)
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• bridge (interferometric) scheme 
# low phase noise, limited by the noise figure of the ∆ amplifier
# carrier rejection in ∆   =>   the ∆ amplifier does not flicker
# rejection of the source noise  
 

Rev. Sci. Instr. 73 6 p. 2445 (2002), and arXiv:physics/0503015

• the noise of the ∑ amplifier is not detected  
 

Electron. Lett. 39 19 p. 1389 (2003) 

Experimental method (2)
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Fig. 1. Scheme of the measurement system.

analyzer measures the output spectrum, S!(f) or S"(f). The
gain, defined as kd = v/! or kd = v/", is

kd =
!

gPµR0

#
!

"
dissipative

loss

#
, (3)

where g is the amplifier gain, Pµ the microwave power, R0 =
50 ! the characteristic resistance, and # the mixer ssb loss.
Under the conditions of our setup (see below) the gain is 43
dBV[/rad], including the dc preamplifier. The notation [/rad]
means that /rad appears when appropriate.

Calibration involves the assessment of kd and the adjustment
of $. The gain is measured through the carrier power at the
diode output, obtained as the power at the mixer RF port
when only one detector is present (no carrier suppression takes
place) divided by the detector-to-mixer gain. This measure-
ment relies on a power meter and on a network analyzer. The
detection angle $ is first set by inserting a reference phase
modulator in series with one detector, and nulling the output
by inspection with a lock-in amplifier. Under this condition
the system detect !. After adding a reference 90! to $, based
either on a network analyzer or on the calibration of the
phase shifter, the system detects ". The phase modulator is
subsequently removed to achieve a higher sensitivity in the
final measurements. Removing the modulator is possible and
free from errors because the phase relationship at the mixer
inputs is rigidly determined by the carrier suppression in ",
which exhibits the accuracy of a null measurement.

The background white noise results from thermal and shot
noise. The thermal noise contribution is

S! t =
2FkT0

Pµ
+

"
dissipative

loss

#
, (4)

where F is the noise figure of the " amplifier, and kT0 "
4#10"21 J is the thermal energy at room temperature. This
is proved by dividing the voltage spectrum Sv = 2

# gFkT0

detected when the " amplifier is input-terminated, by the
square gain k2

d. The shot noise contribution of each detector
is

S! s =
4q

%m2P$
, (5)

where q is the electron charge, % is the detector responsivity,
m the index of intensity modulation, and P$ the average
optical power. This is proved by dividing the spectrum density
Si = 2qı = 2q%P$ of the the output current i by the average
square microwave current i2ac = %2P

2
$

1
2m2. The background

amplitude and phase white noise take the same value because
they result from additive random processes, and because the
instrument gain kd is the same. The residual flicker noise is
to be determined experimentally.

The differential delay of the two branches of the bridge is
kept small enough (nanoseconds) so that a discriminator effect
does not take place. With this conditions, the phase noise of the
microwave source and of the electro-optic modulator (EOM)
is rejected. The amplitude noise of the source is rejected to the
same degree of the carrier attenuation in ", as results from
the general properties of the balanced bridge. This rejection
applies to amplitude noise and to the laser relative intensity
noise (RIN).

The power of the microwave source is set for the maximum
modulation index m, which is the Bessel function J1(·) that
results from the sinusoidal response of the EOM. This choice
also provides increased rejection of the amplitude noise of
the microwave source. The sinusoidal response of the EOM
results in harmonic distortion, mainly of odd order; however,
these harmonics are out of the system bandwidth. The pho-
todetectors are operated with some 0.5 mW input power, which
is low enough for the detectors to operate in a linear regime.
This makes possible a high carrier suppression (50–60 dB) in
", which is stable for the duration of the measurement (half
an hour), and also provides a high rejection of the laser RIN
and of the noise of the " amplifier. The coherence length of
the YAG laser used in our experiment is about 1 km, and all
optical signals in the system are highly coherent.

III. RESULTS

The background noise of the instrument is measured in two
steps. A first value is measured by replacing the photodetectors
output with two microwave signals of the same power, derived
from the main source. The noise of the source is rejected by
the bridge measurement. A more subtle mechanism, which is
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• well understood:

• phase-to-voltage 
gain [V/rad]

• thermal noise

• shot noise

• experimentally determined or up-bounded:

• contamination from AM noise (RIN)

Background noise (1)
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Background noise (2)
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• high EOM driving power
(22 dBm)

• low photodiode output 
power (-26 dBm)

• finite isolation 
(100-120 dB?)

• even small fluctuations of 
the environment induce 
noise as a consequence of 
the fluctuating crosstalk

• work nighttime, when 
nobody is around

Technical difficulties (1): crosstalk

Figure 3: Examples of environment e!ects and experimental mistakes around
the corner. All the plots show the instrument Background noise (spectrum B)
and the noise spectrum of the Photodiode pair (spectrum P). Plot 1 spectrum
W: the experimentalist Waves a hand gently (! 0.2 m/s), 3 m far away from the
system. Plot 2 spectrum S: the optical isolators are removed and the connectors
are restored at the input of the photodiodes (Single spectrum). Plot 3 spectrum
A: same as plot 3, but Average spectrum. Plot 4 spectrum F: a Fiber is bended
with a radius of ! 5 cm, which is twice that of a standard reel.

4 Discussion

For practical reasons, we selected the configurations that give reproducible spec-
tra with low and smooth 1/f noise that are not influenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
shows up at very low frequencies, while we expect from semiconductors smooth
1/f noise in a wide frequency range. Smoothness was verified by comparison
with a database of trusted spectra. Technical noise turned out to be a serious
di"culty. As no data was found in the literature, we give some practical hints
in Fig. 3.

The EOM requires a high microwave power (20 dBm or more), which is some
50 dB higher than the photodetector output. The isolation in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, influenced by the

7

W:	
waving a hand	
0.2 m/s,
	
 	
 3 m far from the system
B:	
background noise
P:	
photodiode noise
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• back reflection causes the 
spectrum to be polluted 

• flares appear at random in 
some spectra, as shown

• unexplained physical 
mechanism

Technical difficulties (2): reflections

S:	
example of single spectrum, with
	
 optical connectors and no isolators
B:	
background noise
P:	
photodiode noise

Figure 3: Examples of environment e!ects and experimental mistakes around
the corner. All the plots show the instrument Background noise (spectrum B)
and the noise spectrum of the Photodiode pair (spectrum P). Plot 1 spectrum
W: the experimentalist Waves a hand gently (! 0.2 m/s), 3 m far away from the
system. Plot 2 spectrum S: the optical isolators are removed and the connectors
are restored at the input of the photodiodes (Single spectrum). Plot 3 spectrum
A: same as plot 3, but Average spectrum. Plot 4 spectrum F: a Fiber is bended
with a radius of ! 5 cm, which is twice that of a standard reel.

4 Discussion

For practical reasons, we selected the configurations that give reproducible spec-
tra with low and smooth 1/f noise that are not influenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
shows up at very low frequencies, while we expect from semiconductors smooth
1/f noise in a wide frequency range. Smoothness was verified by comparison
with a database of trusted spectra. Technical noise turned out to be a serious
di"culty. As no data was found in the literature, we give some practical hints
in Fig. 3.

The EOM requires a high microwave power (20 dBm or more), which is some
50 dB higher than the photodetector output. The isolation in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, influenced by the
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• back reflections causes 
spectra to be polluted at 
random

• the average spectrum is 
smooth 

• wrong slope

• it is difficult to identify 
and to discard polluted 
spectra

Technical difficulties (3): reflections

A:	
average spectrum, with optical
	
 connectors and no isolators
B:	
background noise
P:	
photodiode noiseFigure 3: Examples of environment e!ects and experimental mistakes around

the corner. All the plots show the instrument Background noise (spectrum B)
and the noise spectrum of the Photodiode pair (spectrum P). Plot 1 spectrum
W: the experimentalist Waves a hand gently (! 0.2 m/s), 3 m far away from the
system. Plot 2 spectrum S: the optical isolators are removed and the connectors
are restored at the input of the photodiodes (Single spectrum). Plot 3 spectrum
A: same as plot 3, but Average spectrum. Plot 4 spectrum F: a Fiber is bended
with a radius of ! 5 cm, which is twice that of a standard reel.

4 Discussion

For practical reasons, we selected the configurations that give reproducible spec-
tra with low and smooth 1/f noise that are not influenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
shows up at very low frequencies, while we expect from semiconductors smooth
1/f noise in a wide frequency range. Smoothness was verified by comparison
with a database of trusted spectra. Technical noise turned out to be a serious
di"culty. As no data was found in the literature, we give some practical hints
in Fig. 3.

The EOM requires a high microwave power (20 dBm or more), which is some
50 dB higher than the photodetector output. The isolation in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, influenced by the
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• the path of the optical 
fibers affects the internal 
stresses, and in turn the 
reflections

• unpredictable effect on 
noise, which is not the 
photodiode noise

• trimming the system 
takes patience

Technical difficulties (4): fibers

F:	
after bending a fiber, 1/f noise can
	
 increase unpredictably
B:	
background noise
P:	
photodiode noiseFigure 3: Examples of environment e!ects and experimental mistakes around

the corner. All the plots show the instrument Background noise (spectrum B)
and the noise spectrum of the Photodiode pair (spectrum P). Plot 1 spectrum
W: the experimentalist Waves a hand gently (! 0.2 m/s), 3 m far away from the
system. Plot 2 spectrum S: the optical isolators are removed and the connectors
are restored at the input of the photodiodes (Single spectrum). Plot 3 spectrum
A: same as plot 3, but Average spectrum. Plot 4 spectrum F: a Fiber is bended
with a radius of ! 5 cm, which is twice that of a standard reel.

4 Discussion

For practical reasons, we selected the configurations that give reproducible spec-
tra with low and smooth 1/f noise that are not influenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
shows up at very low frequencies, while we expect from semiconductors smooth
1/f noise in a wide frequency range. Smoothness was verified by comparison
with a database of trusted spectra. Technical noise turned out to be a serious
di"culty. As no data was found in the literature, we give some practical hints
in Fig. 3.

The EOM requires a high microwave power (20 dBm or more), which is some
50 dB higher than the photodetector output. The isolation in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, influenced by the
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Figure 2: Example of measured spectra S!(f) and S"(f).

modulator (EOM) is rejected. The amplitude noise of the source is rejected
to the same degree of the carrier attenuation in !, as results from the general
properties of the balanced bridge. This rejection applies to amplitude noise and
to the laser relative intensity noise (RIN).

The power of the microwave source is set for the maximum modulation index
m, which is the Bessel function J1(·) that results from the sinusoidal response of
the EOM. This choice also provides increased rejection of the amplitude noise of
the microwave source. The sinusoidal response of the EOM results in harmonic
distortion, mainly of odd order; however, these harmonics are out of the system
bandwidth. The photodetectors are operated with some 0.5 mW input power,
which is low enough for the detectors to operate in a linear regime. This makes
possible a high carrier suppression (50–60 dB) in !, which is stable for the
duration of the measurement (half an hour), and also provides a high rejection
of the laser RIN and of the noise of the ! amplifier. The coherence length of
the YAG laser used in our experiment is about 1 km, and all optical signals in
the system are highly coherent.

3 Results

The background noise of the instrument is measured in two steps. A first value
is measured by replacing the photodetectors output with two microwave signals
of the same power, derived from the main source. The noise of the source is
rejected by the bridge measurement. A more subtle mechanism, which is not
detected by the first measurement, is due to the fluctuation of the mixer o"set
voltage induced by the fluctuation of the LO power [BMU77]. This e"ect is
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Example of photodiode noise

... after patient adjustement
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Some results
Table 1: Flicker noise of the photodiodes.

photodiode S!(1 Hz) S"(1 Hz)
estimate uncertainty estimate uncertainty

HSD30 !122.7 !7.1
+3.4 !127.6 !8.6

+3.6

DSC30-1K !119.8 !3.1
+2.4 !120.8 !1.8

+1.7

QDMH3 !114.3 !1.5
+1.4 !120.2 !1.7

+1.6

unit dB/Hz dB dBrad2/Hz dB

measured in a second test, by restoring the photodetectors and breaking the
path from the hybrid junction to the ! amplifier, and terminating the two
free ends. The worst case is used as the background noise. The background
thereby obtained places an upper bound for the 1/f noise, yet hides the shot
noise. This is correct because the shot noise arises in the photodiodes, not in
the instrument. The design criteria of Sec. 2 result in a background flicker of
approximately !135 dB[rad2]/Hz at f = 1 Hz, hardly visible above 10 Hz (Fig.
2). The white noise, about !140 dB[rad2]/Hz, is close to the expected value,
within a fraction of a decibel. It is used only as a diagnostic check, to validate
the calibration.

We tested three photodetectors, a Fermionics HSD30, a Discovery Semicon-
ductors DSC30-1k, and a Lasertron QDMH3. These devices are InGaAs p-i-n
photodiodes suitable to the wavelength of 1.3 µm and 1.55 µm, exhibiting and a
bandwidth in excess of 12 GHz, and similar to one another. They are routinely
used in our photonic oscillators [YM96, YM97] and in related experiments.

Each measurement was repeated numerous times with di"erent averaging
samples in order to detect any degradation from low-frequency or non-stationary
phenomena, if present. Figure 2 shows an example of the measured spectra.
Combining the experimental data, we calculate the flicker of each device, shown
in Table 1. Each spectrum is a"ected by a random uncertainty is of 0.5 dB,
due to the parametric spectral estimation (Ref. [PW98], chap. 9), and to the
measurement of the photodetector output power. In addition, we account for a
systematic uncertainty of 1 dB due to the calibration of the gain. The random
uncertainty is amplified in the process of calculating the noise of the individual
detector from the available spectra. Conversely, the systematic uncertainty is a
constant error that applies to all measurements, for it is not amplified.
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all the pair of two different photodiodes are compared

estimated uncertainty
0.5 dB	
 random, affects the differences
	
 	
 	
 	
 (amplified by the three-corner method)
1 dB	
 	
 systematic, affects all values in the same way
	
 	
 	
 	
 (non amplified by the three-corner method)13



Conclusions

• the photodetectors we measured are similar in 
AM and PM 1/f noise

• the 1/f noise is about -120 dB[rad2]/Hz

• other effects are easily mistaken for the 
photodetector 1/f noise 

• environment and packaging deserve attention in 
order to take the full benefit from the low noise 
of the junction

www.arxiv.org,  read the document  arXiv:physics/0503022v1
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