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Synchronized time-lens source is a novel method to generate synchronized optical pulses to mode-
locked lasers, and has found widespread applications in coherent Raman scattering microscopy.
Relative timing jitter between the mode-locked laser and the synchronized time-lens source is a
key parameter for evaluating the synchronization performance of such synchronized laser sys-
tems. However, the origins of the relative timing jitter in such systems are not fully determined,
which in turn prevents the experimental e®orts to optimize the synchronization performance.
Here, we demonstrate, through theoretical modeling and numerical simulation, that the photo-
detection could be one physical origin of the relative timing jitter. Comparison with relative
timing jitter due to the intrinsic timing jitter of the mode-locked laser is also demonstrated,
revealing di®erent qualitative and quantitative behaviors. Based on the nature of this photo-
detection-induced timing jitter, we further propose several strategies to reduce the relative timing
jitter. Our theoretical results will provide guidelines for optimizing synchronization performance
in experiments.
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1. Introduction

Two-color synchronized ultrashort laser source is
needed for a variety of physical, chemical and bio-
medical applications, such as pump-probe experi-
ment1 and nonlinear optical microscopy.2,3 Tightly
synchronized mode-locked laser4 and synchronized
pumped optical parametric oscillators5 are com-
monly used for imaging purposes. Recently, a novel
technology, i.e., the synchronized time-lens source
has been demonstrated to be a novel solution
and especially appropriate for a variety of coherent
Raman scattering (CRS) microscopy applica-
tions.6–10 The time-lens is based on space-time du-
ality and mimics the spatial lens in the time
domain.11–13 Driven by electrical signals, ultrashort
optical pulses from picoseconds to femtoseconds can
be directly generated from a continuous-wave (CW)
laser,6,14,15 with wavelength tunability of � 100 nm.
Synchronized time-lens source employs this pulse
generation mechanism and directly uses the mode-
locked laser optical output pulse trains to generate
the electrical drive signal, rendering the following
synchronization to the mode-locked lasers.

Relative timing jitter, de¯ned as the root mean
square value of the temporal deviation of the pulse
peak positions between the two synchronized pulsed
laser sources, is the key parameter to evaluate the
synchronization performance, including the syn-
chronized time-lens source. So far, the relative
timing jitter has been experimentally measured to
be on the order of tens to hundreds of femtosec-
ond,6,7,10 depending on the speci¯c mode-locked
lasers used. However, the origins of this relative
timing jitter, especially from a theoretical perspec-
tive, are not fully determined. This prevents further
optimization of the synchronization performance,
especially for the femtosecond synchronization
applications considering that the femtosecond time-
lens source has been demonstrated.14,16,17 Speci¯-
cally, the relative timing jitter has to be only a small
fraction of the temporal resolution required for the
applications. For example, for picosecond CRS mi-
croscopy, tens or even hundreds of femtosecond
relative timing jitter has virtually no measurable
e®ect on the imaging quality. In contrast, if the
relative timing jitter is comparable to the pulse
width (i.e., on the order of picosecond), the imaging
quality will su®er from dramatic deterioration.4

So far, both intrinsic timing jitter of the mode-
locked laser18 and the repetition rate drift of the

mode-locked laser19 have been theoretically
identi¯ed as the origins of the relative timing jitter
in the synchronized time-lens source. From these
results, it seems that a mode-locked laser with
perfect timed output, i.e., a pulse train with evenly-
spaced optical pulses, would introduce no relative
timing jitter. However, Quinlan et al. recently
demonstrated theoretically that the shot noise of
the optical pulse train from the mode-locked laser,
after photodetection, could introduce timing
jitter to the electrical pulse train.20 Besides, Krune
et al. demonstrated that the thermal noise of the
photodetector could also introduce timing jitter to
the electrical pulse train.21 These timing jitters
manifest themselves in the °uctuation of \center of
mass", i.e., peak positions of the pulse train. As a
result, questions naturally arise concerning the
synchronized time-lens source, which necessitates
O=E conversion with a photodetector at the very
beginning of driving electrical signal generation:
From the theoretical perspective, is this photo-
detection a potential cause of the relative timing
jitter? If yes, to what extent does this factor a®ect
the synchronization performance? and what mea-
sures can we take to suppress the relative timing
jitter for the synchronized time-lens source?

In this paper, ¯rst we establish a physical model
describing the synchronized time-lens source ac-
counting for the noise introduced by Quinlan et al.20

and Krune et al.21 Next, we demonstrate numerical
simulation results to identify that this photodetec-
tion-induced timing jitter is a potential origin of the
relative timing jitter in the synchronized time-lens
source. Through quantitative results, we further
show to what extent this jitter source can a®ect the
synchronization performance. Based on the nature
of this jitter source, we ¯nally propose several
strategies to reduce the relative timing jitter. We
expect that these results will provide guidelines for
optimizing synchronization performance in
experiments.

2. Theoretical Model and Simulation
Details

2.1. Timing jitter induced by
photodetection

Both shot noise-20 and thermal noise-induced21

timing jitters have been explicitly derived with
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analytical forms. Physically, both timing jitters due
to the above origins lead to stochastic deviations of
the arrival time of the electrical pulses, speci¯cally
the \center of mass" positions. In this paper, we
introduce these jitters into our model system for the
time-lens source. According to Ref. 20, the timing
jitters induced by the shot noise of the optical pulse
train, before (�oÞ and after (�eÞ photodetection,
are given by the following:

�o ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

8 ln 2

h�c� 2

Epo

s
; ð1Þ

�e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

8 ln 2

h�c� 2

�Epe

s
; ð2Þ

where h is Planck's constant, �c is the carrier fre-
quency of the incoming light, � is the quantum ef-
¯ciency of the photodetector, Epo is the pulse energy
in the mode-locked laser pulse train, Epe is the pulse
energy on the photodetector, and � is the full width
at half maximum (FWHM) pulse width of the op-
tical pulse assuming a Gaussian intensity pro¯le.
We further note that �o is the timing jitter of the
mode-locked laser induced by shot noise, and �e is
the timing jitter of the electrical pulse train after
photodetection. According to both Eqs. (1) and (2),
the shot noise will introduce timing jitter to the
electrical pulse train after photodetection and O=E
conversion.

According to Ref. 21, the timing jitter induced by
the thermal noise of the optical pulse train, after
photodetection, is given by the following:

�th ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9:6kBT�

3
e

R2
P�

2E 2
pRL

s
; ð3Þ

where kB is the Boltzman's constant, T is the tem-
perature of the photodetector, Rp is the response of
an ideal photodiode, RL is the load resistance, and
�e is the electrical pulse width after photodetection.
According to Eq. (3), the thermal noise will also
introduce timing jitter to the electrical pulse train
after photodetection and O=E conversion.

Figure 1 exempli¯es the timing jitter of the
electrical pulse train after photodetection due to
shot noise (Fig. 1(a)) and thermal noise (Fig. 1(b)).
In the calculation, the following parameters are
used: �c corresponds to a mode-locked laser center
wavelength of 880 nm, and � ¼ 2:2% for the GaAs
photodetector at this wavelength. T ¼ 300K cor-
responds to room temperature andRL ¼ 50�. From
Eqs. (2) and (3) and Fig. 1, it can be clearly seen
that the smaller the incoming pulse energy is and
the larger the pulse widths are, the higher the tim-
ing jitter after photodetection is. If we compare shot
noise- and thermal noise-induced jitter quantita-
tively, we can see that the latter is dominant.
We want to note here that, the timing jitter of
the mode-locked laser purely due to shot noise

(a) (b)

Fig. 1. Color ¯ll contour plot of the timing jitter of the electrical pulse train due to (a) shot noise and (b) thermal noise as a
function of input pulse energy and pulse width. � is the optical pulse width and � e is the electrical pulse width.
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(Eq. (1)) is quite small. This is because: (1) For the
synchronized time-lens source, only a tiny amount
of optical power (could be 1/1000 or even smaller) is
split o® the mode-locked laser output for photo-
detection. (2) There is no quantum e±ciency re-
lated degradation of the timing jitter as indicated
by Eq. (2). The quantum e±ciency of most photo-
detectors is in the range of 1–50%. Consequently,
the optical pulse train from the mode-locked laser is
considered to be jitter free, since we con¯ne our
discussion here to photodetection-induced timing
jitter only.

Our model system of the synchronized time-lens
source is similar to that in Ref. 18 (Fig. 1 in Ref. 18).
Brie°y, a fast photodetector converts the mode-
locked laser output (80MHz) into an RF pulse train
of the same repetition rate, which is then divided
into two branches. One branch is ¯ltered by a nar-
rowband (50MHz unless de¯ned otherwise) RF
¯lter to get a 10-GHz sine wave to drive the phase
modulator, while the other branch (80MHz) drives
the Mach–Zehnder intensity modulator (MZ) to
carve a synchronized 80-MHz optical pulse train
from the CW laser. After dispersion compensation,
the pulse width is compressed to � 1:8 ps for opti-
mal compression.15 The key di®erence is that the
incoming mode-locked pulse train is free from any
intrinsic timing jitter, and the timing jitter is in-
troduced purely by photodetection. To account for
this timing jitter, a Gaussian white noise generator
was used to introduce timing jitter of di®erent
values calculated by Eq. (2) to the electrical pulse
train after photodetection. To calculate the relative
timing jitter (�synÞ between the time-lens source and
the mode-locked laser, we ¯rst found the peaks and
the corresponding temporal positions of the two
pulse trains, then do subtraction to get relative
jitter, and ¯nally calculate the RMS timing jitter
between the two pulse trains. Pulse trains of 64
optical and electrical pulses were simulated.

3. Simulation Results and Discussion

3.1. Relative timing jitter introduced

by photodetection

First, we elucidate the e®ect that the timing jitter
introduced by photodetection can cause the relative
timing jitter between the time-lens source and the
mode-locked laser. Throughout the paper, the pulse
peak positions are de¯ned as the deviation from

their nominal positions without timing jitter.
Figures 2(a)–2(c) show the pulse peak positions of
the mode-locked laser and the time-lens source, for
three typical simulation runs of 300-fs, 400-fs and
500-fs electrical timing jitter introduced by photo-
detection. Since in our simulation, we assumed that
the mode-locked laser output is free from any jitter,
the peak positions are zero for each pulse in the
pulse train. Due to the timing jitter introduced
by photodetection, however, the peak positions of
the time-lens source show notable deviation from
the mod-locked laser. As a result, the relative timing
jitter, de¯ned as the peak position di®erence be-
tween the two pulse trains, arises. So, here we
identify another origin of relative timing jitter in the
synchronized time-lens source system-electrical
timing jitter introduced by photodetection.

It can be seen from Fig. 2 that, qualitatively, the
higher the timing jitter introduced by photodetec-
tion is, the higher the relative timing jitter between
the time-lens source and the mode-locked laser is.
To get quantitative results, we calculated the de-
pendence of the relative timing jitter on the timing
jitter introduced by photodetection, shown in Fig. 3
(red circles). Each data point is the average of ten
simulation runs. Overall, the relative timing jitter
caused by photodetection is smaller than the timing
jitter of the electrical pulse train after photodetec-
tion. For example, for 400-fs timing jitter on the
electrical pulse train, the resultant relative timing
jitter is 322 fs. As the electrical timing jitter changes
from 200 fs to 500 fs, the relative timing jitter
between the optical pulse trains increases from
159 fs to 405 fs.

3.2. Comparison to that introduced

by the intrinsic timing jitter
of the mode-locked laser

Having identi¯ed that photodetection itself is one
potential origin of the relative timing jitter, the next
question is: Compared with the other identi¯ed
source of the relative timing jitter, i.e., the intrinsic
timing jitter of the mode-locked laser, which one is
more severe and causes more relative timing jitter?
For quantitative comparison, we also performed
numerical simulations assuming an ideal photode-
tector (which introduces no timing jitter to the
detected electrical pulse train) and a mode-locked
laser output with intrinsic timing jitter, using the
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physical model in Ref. 18 except that a 50-MHz
square RF ¯lter was assumed here. Pulse peak posi-
tions of three typical runs are shown in Figs. 2(d)–
2(f). Due to the presence of the intrinsic timing
jitter, the pulse peak positions of the mode-locked
laser are no longer zero, but show some stochastic

deviation. However, as shown in Fig. 2 and we
mentioned in Ref. 18, the time-lens output can to
some extent follows this deviation. As a result, if we
calculate the relative timing jitter between the two
optical pulse trains, it is even smaller than the case
where the relative timing jitter is purely introduced
by the photodetector (compared with Figs. 2(a)–
2(c)). This can be further con¯rmed by calculating
the dependence of the relative timing jitter on the
intrinsic timing jitter of the mode-locked laser,
shown by blue squares in Fig. 3. Clearly, for the
same amount of timing jitter, the relative timing
jitter due to photodetection is more severe than that
due to the intrinsic timing jitter of the mode-locked
laser. For example, for 400-fs intrinsic timing jitter
of the mode-locked laser, the relative timing jitter is
241 fs, 25% smaller than that due to the photo-
detection (322 fs).

3.3. Strategies to suppress the relative
timing jitter due to photodetection

When the mode-locked laser is free from intrinsic
timing jitter, the output pulse train is perfectly
timed with the same temporal separation between

Fig. 2. Pulse peak positions (deviation from their nominal positions without timing jitter) of the mode-locked laser (black squares)
and the synchronized time-lens source (red circles) of three typical simulation runs for (a) 300-fs, (b) 400-fs and (c) 500-fs
photodetection introduced electrical timing jitter. For comparison, pulse peak positions are also shown for (d) 300-fs, (e) 400-fs and
(f) 500-fs intrinsic optical timing jitter in the mode-locked laser.

Fig. 3. Relative timing jitter as a function of the timing jitter
introduced either by photodetection (red circles), or by the
mode-locked laser (blue squares). Each data point is the aver-
age of ten successive runs.

Photodetection-induced relative timing jitter

1743003-5

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
7.

10
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/2
2/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



adjacent pulses (Fig. 2). In this case, to suppress the
relative timing jitter, the most straightforward
strategy is making the time-lens output as close to a
perfectly timed pulse train as possible. This can
be e®ectively achieved by narrowing the bandwidth
of the RF ¯lter. Figure 4 shows pulse peak positions
of the mode-locked laser and the time-lens source.
Figures 4(a)–4(c) demonstrate that when photode-
tector-induced jitter is considered, with progres-
sively reduced RF ¯lter bandwidth from 50MHz to
30MHz and then to 10MHz (assuming all RF ¯lters
are square ¯lters and free from group delay disper-
sion within the passband), the time-lens output gets
closer to a perfectly timed pulse train with less de-
viation from the mode-locked laser. This trend can
be quanti¯ed by calculating the dependence of rel-
ative timing jitter on the ¯lter bandwidth, shown by
red circles in Fig. 5. For 400-fs timing jitter intro-
duced by the photodetector, the relative timing
jitter is reduced to 135 fs using a 10-MHz RF ¯lter,
58% smaller than that using a 50-MHz RF ¯lter
(322 fs).

This relative timing jitter suppression technique
using narrower ¯lters, however, comes at the cost of
increasing the relative timing jitter caused by the

intrinsic timing jitter of the mode-locked laser.
Figures 4(d)–4(f) show pulse peak positions in the
presence of intrinsic timing jitter in the mode-locked
laser, instead of photodetector-induced jitter. With
progressively decreased ¯lter bandwidth, although

Fig. 4. Pulse peak positions of the mode-locked laser (black squares) and the synchronized time-lens source (red circles) with (a, d)
50-MHz, (b, e) 30-MHz and (c, f) 10-MHz RF ¯lter. In (a), (b) and (c), the relative timing jitter is due to the 400-fs electrical timing
jitter introduced by the photodetector. In (d), (e) and (f), the relative timing jitter is due to the 400-fs intrinsic timing jitter
introduced by the mode-locked laser.

Fig. 5. Relative timing jitter as a function of the RF
¯lter bandwidth. The relative timing jitter is caused either by
the 400-fs photodetector induced electrical jitter (red circles),
or by the 400-fs mode-locked laser intrinsic timing jitter (blue
squares). Each data point is the average of ten successive runs.
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the time-lens source output pulse train becomes
closer to perfectly timed, it deviates more from the
jittering mode-locked laser output pulse train,
leading to more relative timing jitter between the
two pulse trains. This is contrary to the case where
the relative timing jitter is introduced by the pho-
todetector. Figure 5 clearly reveals these opposite
dependencies on the ¯lter bandwidth. When the
¯lter bandwidth is 40MHz, relative timing jitters
due to these two sources are approximately the
same (� 284 fs).

The other strategy to reduce the relative timing
jitter is to suppress the electrical timing jitter in-
troduced by the photodetector, since the smaller the
photodetector jitter is, the smaller the relative jitter
is (Fig. 3). In the ideal situation where the photo-
detector introduces no electrical jitter, the time-lens
output will be a perfectly timed pulse train (when
the intrinsic timing jitter of the mode-locked laser is
not considered), the same as that of the mode-
locked laser and there will be no relative timing
jitter. From the analytical formulas of the photo-
detector-induced timing jitter, it can be clearly seen
that the adjustable experimental parameters are
the quantum e±ciency �, the incoming pulse energy
Ep, and the bandwidth of the photodetector
f3dB. Speci¯cally, � can be optimized by resorting
to photodetectors with higher quantum e±ciency.
For example, at 880 nm, the quantum e±ciency of
InGaAs is � 40%, � 20 times higher than that of
GaAs (2.2%). This means switching from GaAs
to InGaAs photodetector will reduce the jitter. In-
creasing the incoming pulse energy Ep is an e®ective
strategy to suppress the photodetector jitter. For
example, increasing Ep from 1 fJ to 1 pJ will reduce
the shot noise-induced jitter by 32 times, and the
thermal noise-induced jitter by 1000 times, more
dramatic than the former due to the 1=Ep depen-
dence of the jitter.

4. Summary and Discussion

The relative timing jitter between the synchronized
time-lens source and the mode-locked laser has to be
minimized to extend the applications of this novel
synchronized laser system to even shorter timescales
below picoseconds. To optimize the synchronization
performance, the ¯rst problem to be solved is to
identify the origins of relative timing jitter. In this
paper, through both analytical and numerical

investigations, we identify a new origin of the rela-
tive timing jitter — the electrical jitter introduced
by photodetection. Quantitative results clearly re-
veal that the higher the photodetector noise is, the
higher the resultant relative timing jitter will be,
even when the incoming optical pulse train from
the mode-locked laser is perfectly timed. Based on
the nature of this jitter, we further propose experi-
mental strategies to reduce the relative timing jitter
due to the photodetector. Using an RF ¯lter with a
narrower bandwidth will reduce the relative timing
jitter. Although in the meantime, this will cause
an increase in the relative timing jitter due to the
intrinsic timing jitter of the mode-locked laser
and it is e®ective irrespective of the magnitude of
the detector induce jitter. On the photodetector
side, minimizing the electrical jitter induced by
the photodetector is also e®ective in minimizing
the relative timing jitter. Among the strategies
to this end, i.e., switching to photodetectors with
either higher quantum e±ciency, and increasing the
input pulse energy on the photodetector, the latter
is the easiest to implement. We expect these results
will provide guidelines for optimizing the synchro-
nization performance of the synchronized time-lens
source, facilitating its extension to applications re-
quiring femtosecond synchronized pulses. We fur-
ther note that there may be other sources of timing
jitter, such as thermal noise in electrical ampli¯ers,
ampli¯ed spontaneous emission noise in optical
ampli¯ers, group delay dispersion in the chirped
¯ber Bragg grating (together with °uctuation of the
CW laser center wavelength will lead to a °uctua-
tion of the arrival time), and group delay dispersion
of the RF ¯lter. These will be the subjects of future
investigation.
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