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Characterization of the Excess Noise Conversion
from Optical Relative Intensity Noise in the
Photodetection of Mode-locked Lasers for
Microwave Signal Synthesis
Kan Wu, Student Member, IEEE, Perry Ping Shum, Senior Member, IEEE, Sheel Aditya, Senior
Member, IEEE, Chunmei Ouyang, Jia Haur Wong, Student Member, IEEE, Huy Quoc Lam and
Kenneth Eng Kian Lee, Member, IEEE
Equation Chapter 1 Section 1

Abstract— Excess noise converted from the optical relative
intensity noise (RIN) has limited the noise performance in the
microwave signal synthesis application for mode-locked lasers. In
this paper, a method for detailed characterization of the excess
noise conversion from the optical RIN to the electrical pulse width
jitter (PWJ), electrical relative amplitude noise (RAN) and
electrical phase noise in the photodetection of mode-locked lasers
is proposed. With the measured noise conversion ratios, one can
predict the electrical RAN and phase noise power spectral
densities under different input optical powers. The effect of the
pulse width and peak power of the incident optical pulses and the
effect of the saturation power of the photodetectors are also
investigated. The results are used to suggest guidelines for
achieving low-noise photodetection for microwave signal synthesis
application.
Index Terms— Pulse width jitter, intensity noise, phase noise,
microwave signal synthesis and mode-locked laser

I. INTRODUCTION

L

OW-noise mode-locked lasers have attracted intense
interest for various applications including optical sampling
[1], low-noise microwave signal synthesis [2] and
high-precision clock distribution [3-4]. Many researchers have
discussed the noise in the mode-locked lasers [5-10]. Based on
their work, various techniques have been proposed to reduce
the noise in the mode-locked lasers. These techniques include
the use of a slab coupled optical amplifier, cavity filter,
optimization of cavity loss, optimization of cavity dispersion
and mode locking state, etc. [9-16]. Meanwhile, noise
measurement has become more and more accurate [2, 17-19]
and the latest optical cross correlation method can provide
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attosecond accuracy [20-21] and -200 dBc/Hz equivalent phase
noise level in the jitter spectrum [15].
For the microwave signal synthesis application, it is well
known that photodetectors (PDs) introduce excess noise due to
the power dependent pulse broadening and pulse delay [17].
The power dependent pulse broadening leads to the noise
conversion from the optical relative intensity noise (RIN) to the
electrical pulse width jitter (PWJ) and to the electrical relative
amplitude noise (RAN). The power dependent pulse delay
leads to the noise conversion from the optical RIN to the
electrical phase noise. The RIN-to-phase-noise conversion has
been discussed both in time domain and in frequency domain
[22-23]. Here, the electrical RAN includes the electrical RAN
of the pulse amplitude and the electrical RAN of the signal at
repetition frequency fR. The electrical RAN of the pulse
amplitude means the amplitude noise of the pulse peak voltage
and the electrical RAN at fR means the amplitude noise of the
component at repetition frequency fR (the amplitude at fR can be
obtained as the square root of the RF power at fR). These two
RANs are not the same because the electrical PWJ also
contributes to the electrical RAN at fR which is the RAN that
can be experimentally measured.
In the above context, many novel designs have been
proposed to overcome the excess phase noise and these have
demonstrated a residual timing jitter of the extracted RF signals
as low as a few femtoseconds [24-25]. However, the
RIN-to-PWJ (here and subsequent mentions of PWJ refer to the
PWJ of the electrical pulses) and RIN-to-RAN (including the
electrical RAN of the pulse amplitude and the electrical RAN
of the signal at repetition frequency fR, or RAN at fR for short)
conversion are not fully understood yet. Also, the relation
between the electrical RAN of the pulse amplitude and the
electrical RAN at fR is unclear. Further, previous work on PWJ
measurement of the optical pulses focuses on pulse widths
larger than the rise time of the PDs and neglects the excess
noise in the PDs [26-28]. Due to the ultralow quantum limited
noise of the femtosecond lasers, the mode-locked lasers used in
microwave signal synthesis usually have a pulse width much
shorter than the rise time of the PDs which means the output of
the PD can be regarded as its impulse response. Therefore it is
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meaningful to develop a method that can completely
characterize these kinds of noise conversion from PDs, that is,
RIN-to-PWJ, RIN-to-RAN (the electrical RAN of the pulse
amplitude), RIN-to-RAN (the electrical RAN at fR) and
RIN-to-phase-noise conversion, for microwave signal synthesis
application based on femtosecond mode-locked laser. Also, it is
still unclear how the pulse width and peak power of the incident
optical pulses affects these 4 kinds of noise conversion.
Moreover, we notice that in many applications of femtosecond
lasers in microwave signal synthesis, a wideband PD is usually
used. This may inherently suggest that a wideband PD should
have a low RIN-to-phase-noise. However, our comparison of
two PDs with 10 GHz and 2 GHz bandwidth respectively,
shows that this is not necessarily true and the saturation power
of the PDs may play an even more important role to achieve
low RIN-to-phase-noise conversion.
In this paper, we discuss the detailed characterization of
RIN-to-PWJ, RIN-to-RAN (including the electrical RAN of the
pulse amplitude and the RAN at fR) and RIN-to-phase-noise
conversion in the PDs when detecting the optical pulses from
femtosecond mode-locked lasers. The noise conversion ratios
are experimentally determined by analyzing the electrical pulse
profiles and measuring the power at fR under different input
optical powers. Theoretical analysis which considers the pulse
asymmetry and uses the Fourier series analysis, is also
performed to describe the relation among all these noise
conversion ratios and to enable one to predict the electrical
RAN and phase noise power spectral densities (PSDs). The
effect of the incident optical pulse width and peak power of the
optical pulses and the effect of the saturation power of the PDs
are also investigated. Finally, the results of the above studies
are used to provide many useful guidelines for low-noise
photodetection for microwave signal synthesis application. The
discussion in this paper is limited to the condition that the
optical pulse width is much smaller than the rise time of the
PDs and therefore the output of the PD can be regarded as its
impulse response.
The paper is arranged as follows. Section II is the theoretical
model of a noisy electrical pulse train. Section III discusses the
measurement of the noise conversion ratios experimentally.
Section IV investigates the effect of incident optical pulse
width and peak power. Section V investigates the effect of
saturation power of PDs. Section VI presents the conclusion.
II. THEORETICAL MODEL OF A NOISY ELECTRICAL PULSE TRAIN
A noisy electrical pulse train obtained from photodetection of
an optical pulse train can be expressed by
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where V0 is the pulse amplitude (voltage), f(t/τ) is the
normalized amplitude profile of a single pulse, τ is the pulse
width, T is the time period, Δan is the electrical RAN of pulse
amplitude, Δtn is the timing jitter and Δτn/τ is the electrical PWJ.
Eq.(1) can be simplified using Taylor expansion so that
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where Δt(t)=Δtn, (nT-T/2) < t ≤( nT+T/2), is the continuous
expression of Δtn and the same definition can be applied to Δτ(t)


and Δa(t), and f  df ( x) / dx   df (t /  ) / dt (for simplicity,
we use Δt, Δτ and Δa to represent the corresponding time
varying quantities in the subsequent expressions). All higher
order noise terms have been neglected and only first order noise
terms are considered. More details of the derivation of Eq.(2)
can be found in the works of von der Linde [6] or L. P. Chen
[29]. Since the pulse profile is not symmetric, we need to
consider both the even part (defined as fe) and the odd part
(defined as fo) of the pulse profile f, where f = fe + fo. The
periodicity of the terms in Eq.(2) means that these can be
expanded into a Fourier series as follows:
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where ωR = 2πfR = 2π/T is the fundamental repetition angular
frequency. The definition and calculation of the Fourier
coefficients ak to dk are given in the Appendix. The final
expression of a noisy electrical pulse train can be written as
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where Ik and Qk are the amplitudes of two orthogonal frequency
components respectively and their expressions are given by
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The total amplitude Ak and phase υk can then be calculated as
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Since Ak (k=1) in Eq.(12) represents the amplitude of the
signal at fR, the noise terms in Ak (k=1) represent the electrical
RAN at fR. As mentioned earlier, Δa is the electrical RAN of the
pulse amplitude and Δτ/τ is the electrical PWJ. Therefore Eq.
(12) indicates that
(14)

where RANR is the electrical RAN at fR and RANP is the
electrical RAN of the pulse amplitude. If we denote the
RIN-to-RAN (RAN at fR) conversion ratio as rRAN_R,
RIN-to-RAN (pulse amplitude) conversion ratio as rRAN_P and
RIN-to-PWJ conversion ratio as rPWJ, Eq.(14) can be written as
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The expressions for rRAN_R, rRAN_P and rPWJ are given by
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where the relation d tan 1 ( x) / dx  1/ (1  x2 ) is used. The two
coefficients Ca and Cυ are defined as:
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where VR is the amplitude at fR, P is the input optical power, VP
is the electrical pulse amplitude and τ is the electrical pulse
width. The values of VP and τ can be obtained by analyzing the
electrical pulse profiles measured using a high-speed
oscilloscope and VR can be obtained as the square root of the RF
power at fR measured by an RF spectrum analyzer. That means
the left hand side and the right hand side of Eq.(15) can be
obtained independently. Thus one can verify the validity of
Eq.(15).
Suppose the PSD of the laser RIN is SRIN_laser. Then the PSD
of the electrical RAN at fR, the PSD of the electrical RAN of
pulse amplitude, and the PSD of PWJ are given by
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In a similar manner, the phase at fR consists of three parts: 1)
a pulse-profile-related term tan-1(-bk/ak) – since the pulse
profile is related to the input optical power, this term in fact
contains the information about the laser RIN; 2) the original
phase noise (or timing jitter) of the laser; and 3) the PWJ
induced noise with a coefficient Cυ. It has been shown that the
RIN-to-phase-noise conversion ratio rPN can be obtained by
Fourier transformation of the electrical impulse response of a
PD to extract the phase and then differentiating the phase with
respect to the input optical power [22]. Therefore, the
expression for rPN (with the units of rad) is given by
rPN 

d tan 1 (bk / ak )
d (bk / ak )
d
 P
 P
dP / P
dP
dP

(22)

where the timing jitter and the PWJ in Eq.(13) are assumed zero
because we use the average phase of the electrical pulses. The
measured electrical phase noise PSD is then given by

S  S _ laser  (rPN  C rPWJ )2 SRIN _ laser

(23)

For microwave signal synthesis applications, femtosecond
mode-locked lasers are generally chosen as the pulse sources
due to their ultra-low quantum limited noise. Therefore, we are
more interested in the pulses with a duty cycle σ = τ/T less than
1%. Under this condition, the Fourier coefficient ak is much
greater than the remaining three coefficients bk to dk at fR, i.e.,
k=1, and thus the coefficient Ca ≈ 1 and Cφ ≈ 0. Eqs.(15) and
(23) can thereby be simplified as

rRAN _ R  rRAN _ P  rPWJ

(24)

S  S _ laser  r S RIN _ laser

(25)

2
PN

An example of Ca and Cφ values at fR calculated from the
measured electrical pulse profiles for different input optical
powers entering a 10 GHz PD is shown in the inset of Fig.2 in
the next section.
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III. MEASUREMENT OF RIN-TO-PWJ, RIN-TO-RAN AND
RIN-TO-PHASE-NOISE CONVERSION RATIOS
The impulse response method proposed by J. Taylor [22] has
been proven to be an effective method to characterize the
RIN-to-phase-noise conversion in the PDs. As shown in Fig.1,
we use a similar setup to measure the RIN-to-PWJ and
RIN-to-RAN (including the electrical RAN of pulse amplitude
and the electrical RAN at fR) conversion in the PDs. A
homemade 66.1 MHz mode-locked fiber laser centered at
1566 nm is used as the pulse source generating a pulse train
with a spectral width of ~11 nm and an average optical power
of 2.5 mW. A variable optical attenuator (VOA) controls the
optical power incident on a 10 GHz InGaAs PD (EOT
ET3500F). The temporal profile of the electrical pulses after
photodetection is measured by a high-speed real-time
oscilloscope (LeCroy SDA820Zi-A) with a bandwidth of
20 GHz. The oscilloscope has a real-time sampling rate of
40 Gsamples/s and works under RIS mode which has an
equivalent sampling rate of 200 Gsamples/s, corresponding to a
time interval of 5 ps. The timing accuracy of the oscilloscope is
~250 fs. The nonlinearity in the amplitude response of the
oscilloscope is found to be small by comparing the waveforms
obtained with and without a 10 dB electrical attenuator between
the PD and the oscilloscope. The RIN and phase noise at the
repetition frequency are measured by a signal source analyzer
(SSA, R&S FSUP26). A low pass filter (LPF) and low noise
amplifier (LNA) are inserted before the SSA in order to extract
the frequency component at the repetition frequency and to
provide enough input power for SSA noise measurement.

Fig.1. Experimental setup for the measurement of noise conversion in the PD.
VOA: variable optical attenuator; PD: photodetector; LPF: low pass filter;
LNA: low noise amplifier

A. RIN-to-PWJ and RIN-to-RAN conversion
The measured electrical pulse profiles are shown in Fig.2 as the
input optical power varies from 0.1 mW to 2.1 mW. The inset
in Fig.2 shows the calculated coefficients Ca and Cυ at fR,
confirming that Ca ≈ 1 and Cυ ≈ 0 for all values of input power.
Fig.3 (a) shows the corresponding electrical pulse width and
electrical pulse amplitude values. With these data, the
RIN-to-PWJ and the RIN-to-RAN (pulse amplitude) ratios rPWJ
and rRAN_P can be calculated according to Eq.(17) and (18),
respectively; the results are shown as red and green curves in
Fig.3 (b). The derivatives required in Eq.(17) and (18) are
calculated using the central difference of the data in Fig.3 (a).
The smooth curves for the conversion ratios are obtained by
using third-order polynomial fit. The signal amplitude at fR is
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measured using an RF spectrum analyzer and the RIN-to-RAN
ratio at fR, rRAN_R, calculated according to Eq.(16), is shown as
dashed black curve in Fig.3 (b). It can be seen that the measured
values of rRAN_R are very similar to those calculated by summing
rPWJ and rRAN_P according to Eq.(24) (blue curve); this confirms
the validity of the analysis presented in Section II. The
discrepancy in the two sets of values of rRAN_R arises due to two
reasons: one is the measurement error of the electrical pulse
profiles and the input optical powers because the dP term in the
denominator of Eqs.(16)-(18) amplifies the error in P and the P
in the numerator amplifies the errors in dτ/τ and dV/V when P is
large. This explains the relatively larger discrepancy for
P > 1.5 mW. The other reason is the bandwidth limitation
(~17 GHz) set by the oscilloscope. The inset in Fig.3 (a) shows
the envelope of the RF spectra of the electrical signal from the
PD at 0.1 mW and 2 mW input powers. It can be seen that for
0.1 mW input power, the RF power levels at 15 GHz ~ 20 GHz
are still comparatively high; the suppression of these power
levels leads to pulse broadening and thus an underestimation of
the PWJ. On the other hand, for 2 mW input power, the RF
power levels after 2 GHz decrease quickly. Therefore, the
bandwidth limitation effect is stronger when the input power is
low. One more example of rRAN_R, rRAN_P and rPWJ calculations is
given in Fig.8 in the next section in which the values of the
optical powers are recorded with a higher accuracy (1 µW) and
a better match between rRAN_R and rRAN_P+rPWJ is found at high
input power range (0.6 mW ~ 2 mW). The discrepancy at input
power less than 0.6 mW still exists due to the limitation of the
oscilloscope.

Fig.2. Electrical pulse profiles for different input optical powers entering the
10 GHz PD. Inset: Coefficients Ca and Cυ at repetition frequency fR for different
input optical powers

Since the values of rRAN_R calculated by summing rPWJ and
rRAN_P are more sensitive to the measurement error than the one
directly obtained from the measurement of the RF power at fR,
we use the latter to estimate the laser RIN PSD from the
measured electrical RAN PSDs at fR at various input optical
powers based on Eq.(19). The estimated laser RIN PSD is
shown in Fig.4 and the PSD values at 1 kHz and 10 kHz offset
frequencies are also plotted for comparison. With the laser RIN
PSD known, one can easily calculate the PSD of PWJ and RAN
of pulse amplitude using Eqs.(20) and (21). As can be seen,
good agreement is obtained between the calculated and
measured values.
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(a)

(b)
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ratios rPN (absolute values) based on Eq.(22); these results are
shown in Fig.5 (b). Fig.5 (c) gives three examples of the
RIN-to-phase- noise conversion ratios at 66.1 MHz, 1983 MHz
and 9981.1 MHz, respectively, which correspond to the three
dashed lines in Fig.5 (b). These ratios are exactly the same as
the ones calculated by the method of direct Fourier
transformation of the pulse profiles used in Ref. [22].
Knowing the RIN-to-phase-noise conversion ratio rPN, we
can predict the measured phase noise PSD according to Eq.(25).
The laser phase noise PSD is the PSD measured at low input
power where the value of rPN is very small and therefore the
noise term converted from the laser RIN is negligible. Fig.6 (a)
shows an example of phase noise PSD prediction at an input
power of 1.4 mW. The ratio rPN is 0.051, corresponding to a
decrease of laser RIN PSD of ~25.8 dB. Fig.6 (b) shows the
predicted and measured phase noise PSD values at 1 kHz and
10 kHz offset frequencies under different input powers. It can
be seen that the predicted and measured values match well.

(a)

Fig.3. (a) Electrical pulse widths and amplitudes. (b) Noise conversion ratios
RIN to PWJ (rPWJ), RIN to RAN of pulse amplitude (rRAN_P) and RIN to RAN at
fR (rRAN_R). Inset in (a) is the envelope of the RF spectra of the electrical signals
from the PD at 0.1 mW and 2 mW input power

The output electrical power of the PD is determined by the
input optical power and the quantum efficiency (or responsivity)
of the PD. This limits the total output power of the PD to a few
milli-watts considering a quantum efficiency of 1 and a
maximum allowed input power of 10 mW. The power levels at
each frequency component are thus even lower. Also, the
power levels at lower frequencies increase quickly with the
increasing input power whereas the power levels at higher
frequencies increase very slow or even decrease due to the PD
saturation effect (see inset of Fig.3 (a)). Therefore if one wants
to get high output power at a certain frequency one may
increase the input optical power at the expense of a higher
RIN-to-phase-noise conversion (will be discussed in the next
section) and a low-noise post-amplifier may also be required.
B. RIN-to-phase-noise conversion
The RIN-to-phase-noise conversion ratio can be obtained by
analyzing the phase values of the electrical pulses measured for
different input power levels. The phase values calculated by
Eq.(13) (note that the timing jitter and PWJ terms in Eq.(13) are
assumed zero because we are considering the average phases)
are shown in Fig.5 (a). We calculate the phase values for
frequencies ranging from the repetition frequency
fR = 66.1 MHz to the 151th harmonic 151fR = 9.98 GHz. Then
we use a fourth-order polynomial to fit the phase values and
calculate the corresponding RIN-to-phase-noise conversion

(b)
Fig.4. (a) Laser RIN power spectral density and (b) the PSD values at 1 kHz
and 10 kHz offset frequencies (circle and square markers) compared with the
predicted values (dashed lines) with different input optical powers.

IV. EFFECT OF PULSE WIDTH AND PEAK POWER OF THE
INCIDENT OPTICAL PULSES

Previous research has shown that the impulse response of the
PDs is also affected by the peak power (and thereby the pulse
width) for a given average power of the incident optical pulses
[30]. We now investigate this effect in the context of small
pulse width by inserting a certain length of single mode fiber
(SMF) between the VOA and the PD in Fig. 1. The pigtails of
the VOA are 2 m SMF. Four different SMF lengths 2 m, 4 m,
12 m and 22 m are considered and the measurements are
carried out at 1.8 mW input power. These fiber lengths result in
increased optical pulse widths of 0.7 ps, 1 ps, 2.1 ps, 3.6 ps,
respectively, and a corresponding decrease in the incident peak
power. The pulse widths are quite insensitive to the input power
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injected into the SMF. A decrease of input power from 1.8mW
to 0.2mW leads to a less than 10% increase of pulse widths.
Fig.7 gives an example of measured pulse profiles at two input
power levels of 0.4 mW and 1.4 mW for different SMF lengths
(VOA is used to compensate the different values of the
insertion loss of the SMF and fiber connectors). It can be seen
that the optical pulses with a wider pulse width (and lower peak
power) typically generate electrical pulses with lower
amplitudes and narrower pulse widths; this in turn leads to a
change in the noise conversion ratios. Fig.8 shows the
calculated noise conversion ratios rPWJ, rRAN_P and rRAN_R with a
4 m SMF which confirms the validity of Eq.(15). Fig.9
summarizes the ratios rPWJ and rRAN_R for all four different
lengths of SMF. Compared with the ratios measured with 2 m
SMF, the change is less than 0.15 in both rPWJ and rRAN_R,
indicating that the effect of changing incident optical pulse
width and peak power is very limited on rPWJ , rRAN_P and rRAN_R.

(a)
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optical peak powers corresponding to different input optical powers. (c) Three
examples of the RIN-to-phase-noise conversion ratios corresponding to the
three dashed lines in (b)

(a)

(b)
Fig.6. (a) Phase noise PSD prediction at an input power of 1.4 mW. (b)
Predicted and measured phase noise PSD values at 1 kHz and 10 kHz offset
frequencies under different input optical power.

(b)
Fig.7. Electrical pulse profiles measured at two input optical power levels of
0.4 mW and 1.4 mW for different SMF lengths and pulse widths.

(c)
Fig.5. (a) Phase values in radians as a function of frequency and average input
optical power levels (b) RIN-to-phase-noise conversion ratio rPN in radians
after the fourth-order polynomial fit of the phases in (a). Note the different
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is found that the ratios rPN in Fig.10 (b) and (c) are nearly
identical which indicates that an increase in optical pulse width
beyond 2.1 ps (corresponding to 12 m SMF) has very limited
effect on the RIN-to-phase-noise conversion ratios for a given
frequency and input optical power.

Fig.8. Noise conversion ratios with 4 m SMF (1 ps pulse width)

(a)

(a)

(b)

(b)
Fig.9. (a) RIN-to-PWJ conversion ratio rPWJ (b) RIN-to-RAN (RAN at fR)
conversion ratio rRAN_R for different SMF lengths and pulse widths.

The RIN-to-phase-noise conversion ratio values measured
for different SMF lengths are also considered and shown in
Fig.10. It can be seen that a change in the incident optical pulse
width (and peak power) leads to a change of rPN especially
when the frequency is higher than 2 GHz. This suggests that the
optical-pulse-width-dependent (or peak-power-dependent)
impulse response of the PD is mainly due to the response at
high frequency components. Also, it seems to be more
convenient to use incident optical pulse width rather than the
previously used optical peak power to describe this effect
because the pulse width is quite insensitive to the input power
injected into the SMF before PD due to the weak fiber nonlinear
effect whereas peak power is directly affected both by the input
power and pulse width. This means the pulse width and input
power can be treated as two independent and “orthogonal”
variables which can be controlled individually for actual
microwave signal synthesis application. For the 10 GHz PD, it

(c)
Fig.10. RIN-to-phase-noise conversion ratios rPN (in radians) for different
SMF lengths (a) 4 m (1 ps pulse width), (b) 12 m (2.1 ps pulse width) and (c)
22 m (3.6 ps pulse width) for the 10 GHz PD. Note the different optical peak
power levels corresponding to average input optical power levels for each SMF
length.

For low-noise microwave signal synthesis applications, a
proper operating point of the PDs should be chosen to achieve
low RIN-to-phase-noise conversion. For example, if we use the
10 GHz PD to generate a signal at 10 GHz and define an
acceptable range of rPN as 0~0.1 (corresponding to a maximum

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
RIN-to-phase-noise conversion ratio of -20 dB in PSD), the
corresponding acceptable input power ranges according to
Fig.5 (b) and Fig.10 are 0.82-0.96 mW & 1.45-1.60 mW for
2 m SMF (0.7 ps optical pulse width) and 0.84-0.96 mW &
1.48-1.56 mW for 4 m SMF lengths (1 ps optical pulse width)
and none for the remaining two SMF lengths. It is worth
mentioning that a wider optical pulse width (or a lower peak
power) does not necessarily lead to a lower rPN and a wider
acceptable input power range. One can see that for 10 GHz
frequency, acceptable input power ranges are wider for
narrower optical pulse widths; on the other hand the input
power range can also be wider for wider optical pulse widths at
other frequencies, e.g., 9 GHz.
V. EFFECT OF THE SATURATION POWER OF PHOTODETECTORS
In many applications of low-noise microwave signal synthesis,
a wideband PD is used. This may implicitly suggest that a
wideband PD should have a low RIN-to-phase-noise
conversion. However, our comparison of two PDs with 10 GHz
and 2 GHz bandwidth respectively, shows that this is not
necessarily true and the saturation power of the PDs may play
an even more important role to achieve low RIN-to-phase-noise
conversion. We show in Fig.11 the measured impulse response
of a 2 GHz PD (Thorlabs DET01CFC) for various input optical
powers. The experimental conditions are exactly the same as
those for the 10 GHz PD covered in section III.
RIN-to-phase-noise conversion ratio rPN is shown in Fig.12 (a).
For comparison, we re-plot the rPN contours of the 10 GHz PD
for frequencies below 2 GHz in Fig.12 (b).
It is seen that for the 2 GHz PD when the input power is
below ~0.5 mW, only the amplitude of the output pulses
increases linearly with increasing optical input power and the
pulse width and pulse profile are nearly unchanged. This means
that the pulse “gravity center” is nearly unchanged and thus the
excess phase noise converted from the optical intensity noise is
low. When the input power is higher than 0.5 mW, the pulse
distortion of the 2 GHz PD becomes significant, leading to a
quick increase of rPN. On the contrary, for the 10 GHz PD, both
the amplitude and pulse width of the output pulses increase
with the input power for input powers starting as low as
~0.2 mW (see Fig.3 (a)) and thus the pulse “gravity center” is
changed accordingly, leading to a higher phase noise
conversion ratio rPN.
We can define an impulse-response saturation power (IRSP)
below which increasing input optical power leads to a linear
increase of electrical pulse amplitude with pulse width and
pulse profile nearly unchanged. The IRSP is ~0.5 mW for the
2 GHz PD and ~0.2 mW for the 10 GHz PD. Our experimental
observation suggests that the RIN-to-phase-noise conversion is
low when the input power is below the IRSP although rPN may
not be necessarily less than 0.1 for some frequencies (see
Fig.12). The PD with a higher IRSP is preferred to allow a
wider acceptable input power range (assuming that it has a
sufficient bandwidth for the application) while maintaining a
low excess phase noise rPN < 0.1. This is also supported by the
experimental observations on the PDs with similar bandwidth
but different IRSP reported in [22].
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Fig.11. Electrical pulse profiles for different input optical powers incident on
a 2 GHz PD.

2GHz PD
(a)

10GHz PD
(b)
Fig.12. RIN-to-phase-noise conversion ratios rPN (in radians) of (a) 2 GHz PD
and (b) 10 GHz PD.

Another observation is that, at a given input power, a PD
with narrower bandwidth concentrates the power to a few low
frequency components whereas a PD with wider bandwidth
distributes the power averagely to a wide range of frequency
components. Therefore, the lower frequency components of a
PD with narrow bandwidth have higher power than those of a
PD with wide bandwidth. This suggests that a PD with just the
necessary bandwidth is meaningful for real applications of
microwave signal synthesis because higher output power can
suppress shot and thermal noise, e.g., to generate a 1 GHz
signal a PD with a bandwidth of 2 GHz can provide higher
power at 1 GHz than a PD with a bandwidth of 10 GHz.
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VI. CONCLUSION
In conclusion, we have presented a method for the detailed
characterization of the excess noise conversion from optical
RIN to electrical pulse width jitter, relative amplitude noise and
phase noise in the photodetectors when detecting the optical
pulse train from mode-locked lasers. It has been shown that the
RIN-to-PWJ, RIN-to-RAN (RAN of pulse amplitude) and
RIN-to-phase- noise conversion ratios can be obtained by
analyzing the electrical pulse profiles measured by a
high-speed oscilloscope for different input optical powers. The
RIN-to-RAN (RAN at fR) has been obtained by measuring the
power at the repetition frequency by an RF spectrum analyzer
for different input optical powers. Theoretical analysis has been
presented to describe the relations among these noise
conversion ratios and to predict the measured electrical RAN
and phase noise power spectral densities. Also, optical pulses
with the same average power but different pulse width and peak
power are found to affect the noise conversion ratios of the PDs
due to their optical-pulse-width-dependent impulse response,
especially for the RIN-to-phase-noise conversion ratio at high
frequencies. This method can be applied to any kind of PDs for
noise characterization; however the exact noise conversion
ratios for a certain PD are dependent on its design. A PD with
higher impulse-response saturation power is found to allow a
larger input optical power range in which the
RIN-to-phase-noise conversion ratio is less than 0.1. These
results provide many useful guidelines for achieving low-noise
photodetection in microwave signal synthesis application: a PD
with higher impulse-response saturation power allows a wider
range of input power levels while maintaining the excess phase
noise to a low value. In addition, a proper operating point of the
PD with respect to the input optical power and the optical pulse
width needs to be chosen to obtain a low value of excess phase
noise.
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