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Abstract
Time-lens technology is of significant interest in signal processing and optical communication.
The impacts of group velocity dispersion (GVD) on ultrafast pulse shaping in a time-lens system
based on four-wave mixing are explored in this paper. The output signals of temporal
magnification and time-to-frequency conversion under different GVDs are theoretically
investigated in detail. The simulation results imply that the femtosecond pulse is sensitive to
GVD in propagation. GVD has an important effect on nonlinear parametric processes, which
results in output signals presenting different pulse shapes and different frequency profiles.
Furthermore, a model of silicon nitride waveguide with flat dispersion is proposed by finite
element method and signal processing with negligible pulse distortion is realized in near-infrared
region.
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1. Introduction

The duality between the paraxial diffraction of light beams in
space and the dispersion of optical pulses in media contributes
to the concept that an element introducing a quadratic phase
shift in time is an analogy of a thin lens in space [1–4]. Based
on this theory, time-lens system enters into the vision of
researchers, which is an analogy of the conventional lens in
the time-domain. In the past decade, time-lens system has
attracted increasing attention for its promising applications in
ultrafast signal processing [5, 6], data transmission [7],
measurement of ultrafast signal [8, 9]. Especially, chip-inte-
grated time lens system becomes a hotspot for significant
potentials in optical processing and future all-optical com-
munication system. Meanwhile, various methods have been

developed for realizing time-lens, such as electro-optic phase
modulation [10], sum-frequency or differential frequency
generation [11], cross-phase modulation [12] and four-wave
mixing (FWM) [13, 14]. Nowadays, the approach based on
FWM is the main way to explore time-lens. Because FWM
can be applied to most materials [15] and provide a precise
quadratic phase [16]. What is more, FWM exhibits natural
advantages in all-optical communications for its input and
output signals are similar in wavelength [17]. As is well
known, when ultrafast pulses propagate in fiber, the disper-
sion of fiber may broaden or compress the pulses [18]. As for
integrated chips, the influence of the dispersion to ultrafast
signal is still an interesting question and it is necessary to take
it into account when doing research about signal processing.
For nonlinear parametric process as FWM, GVD affects the
phase-match to interfere with the signal propagation process
[19]. It plays an important role in effective FWM, which leads
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to totally different output signals with different frequency
profiles and waveforms. Therefore, we mainly focus on GVD
and explore its impacts on time-lens system in this work.
Temporal magnification and time-to-frequency conversion
based on time-lens are investigated under the different GVDs
and the output signals are analyzed in detail about pulse
shapes and frequency elements. Besides, we propose a model
of silicon nitride strip waveguide with good dispersion per-
formance to create a time-lens system, which can contribute
to ultrafast signal processing with negligible pulse distortion
in near-infrared region. These results exhibit great potential in
integrated optics and optical communication.

2. Numerical simulation and analysis

Figure 1 shows the principle of time-lens system based on
FWM. The pump and input signal propagate through a dis-
persive medium (DM), respectively and then are coupled into
a nonlinear medium for interaction between light and media.
The input signal with an electric field amplitude Es(t) is mixed
with the pump with an electric field amplitude Ep(t) via the
FWM, in which the generated idler is Ei(t)∝Ep

2(t)×Es
*(t)

and a quadratic phase ∅f (t) is imparted to the input signal
[20, 21]. If the idler is detected, we can obtain the results of
time-to-frequency conversion. On the other hand, if the idler
propagates through the dispersion compensation medium
(DCM) for dispersion compensation, the output signal will
keep the same features as the input signal, which is rebuilt via
a magnification factor by the time lens. As for the DM or
DCM, there are several options, such as single-mode fiber,
fiber Bragg grating or dispersion modules [22]. SMF is
popular for its simplification.

In this work, we theoretically investigate the influences
of GVD on ultrafast pulse shaping in time lens by solving
following coupled mode equations [23, 24]

∣ ∣

(∣ ∣ ∣ ∣ ) ( )
( )

b b

a g

g g b

¶

¶
+

¶

¶
-

¶
¶

= - +

+ + + D

A

z

A

T

A

T

A A A

A A A A A A z

i
1

2

1

6
1

2
i

i2 i2 exp i ,

1

p
p

p
p

P

p p p p p

p s i p p s i p

2

2

2 3

3

3

2

2 2 *

∣ ∣

(∣ ∣ ∣ ∣ ) ( )
( )

b b

a g

g g b

¶
¶

+
¶
¶

-
¶
¶

+
¶
¶

= - +

+ + + - D

A

z

A

T

A

T
d

A

T

A A A

A A A A A z

i
1

2

1

6
1

2
i

i2 i exp i ,

2

s
s

s
s

s
s

s

s s s s s

s p i s s p i

2

2

2 3

3

3

2

2 2 2 *

∣ ∣

(∣ ∣ ∣ ∣ ) ( )
( )

b b

a g

g g b

¶
¶

+
¶
¶

-
¶
¶

+
¶
¶

= - +

+ + + - D

A

z

A

T

A

T
d

A

T

A A A

A A A A A z

i
1

2

1

6
1

2
i

i2 i exp i ,

3

i
i

i
i

i
i

i

i i i i i

i p s i i p s

2

2

2 3

3

3

2

2 2 2 *

Where Am is the amplitude ( =m p s i, , ), am is the linear loss
( =m p s i, , ). and Z is the propagation distance. The walk-off
parameters for the signal and idler are defined as

b b= -ds s p1 1 and b b= -d ,i i p1 1 respectively.bn is calcu-
lated via numerical differentiation from /b b w= d d .n

n n

Figures 2(a), (c) shows the temporal waveform and fre-
quency spectrum of the input signal, respectively. It is a signal
consisting of two 100 fs pulses separated by 300 fs with the
central wavelength at 1540 nm. Figures 2 (b), (d) shows the
temporal waveform and frequency spectrum of the pump,
respectively. It is a signal pulse of 40 fs with the central
wavelength at 1560 nm. The result of input signal after pro-
pagating through a DM is shown in figure 2(e). The result of
pump after propagating through a DM is shown in figure 2(f).
The DMs of signal and pump paths are set as 100 m and
200 m SMF, respectively. According to the presented results,
the pulses are broadened for the dispersion of the SMF. After
FWM process, the idler is sent into 20 km dispersion com-
pensation fiber and the output is presented in figures 2(g), (h),
including temporal waveform and frequency spectrum of
output signal based on temporal magnification. There are 5
pulse curves with different colors in a picture, which means
that different GVD values are taken into account (black:
0 ps^2 m−1; red:−0.1 ps^2 m−1; pink:−0.2 ps^2 m−1; blue:
−0.3 ps^2 m−1; azure: −0.4 ps^2 m−1). As we can see from
the results, ultrafast pulse shaping is sensitive to the GVD.
When β2=0 ps^2 m−1, it is under ideal condition, so the
result performs perfectly with a magnification factor. Fur-
thermore, it is found that the waveform is changed with the
shift of GVD in time domain. For frequency domain, the
waveform is also shifted, which means the energy of fre-
quency element is shifted. However, we can find that the
frequency element is almost stable.

On the other hand, for time-to-frequency conversion, the
idlers taking different GVD into account, which are similar to
temporal magnification, are presented in figure 3.
Figures 3(a), (b) shows temporal waveform of output signal
and frequency spectrum of output signal based on time-to-
frequency conversion, respectively. First, we can find that the
frequency spectrum of time-to-frequency conversion is almost
similar to temporal magnification. Thus, we can conclude that
extra dispersion will make negligible effect on frequency

Figure 1. The scheme of time-lens system based on FWM. DM:
dispersion medium. DCM: dispersion compensation medium.
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profiles. However, the temporal waveform is totally different.
Pulse shape is sharply changed with the GVD shifted. There
is a regularity that the energy will be focused around central
wavelength with the increase of GVD value. According to all
of numerical simulations, we conclude that GVD from non-
linear medium has significant effect on pulse shaping in time
lens. Therefore, it is important for time-lens system to build a
nonlinear waveguide with flat GVD curves and decrease the
negative impacts of GVD.

3. Device design and results

Silicon nitride (Si3N4) is an attractive candidate for photonic
integration for its high nonlinearity and transparent in a large
wavelength range [25, 26]. Here, we simulate a model of
silicon nitride strip waveguide by finite element method,
which is shown in figure 4(a). The core material (Si3N4) is
around by silica, the height h=0.85 μm, the widths of top
edge and bottom edge are set as 1.15 μm and 1.2 μm,

Figure 3. (a) Temporal waveform and (h) frequency spectrum of output signal based on time-to-frequency conversion.

Figure 2. (a) Temporal waveform and (c) frequency spectrum of the input signal. (b) Temporal waveform and (d) frequency spectrum of the
pump. (e) Temporal waveform after DM of the input signal and (f) Temporal waveform after DM of the pump. (g) Temporal waveform and
(h) frequency spectrum of output signal based on temporal magnification under the GVD of 0 ps^2 m−1, −0.1 ps^2 m−1, −0.2 ps^2 m−1,
−0.3 ps^2 m−1, −0.4 ps^2 m−1, respectively.
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respectively. The Ex and Ey electric field components of the
waveguide at the wavelength of 1550 nm are shown in
figures 4(b) and (c), respectively. The mode is a standard
single mode and the most of energy is confined in the core
material. Figures 4(d), (e) presents the GVD and three-order
dispersion of the waveguide in near-infrared region.

Furthermore, we present the dispersion and TM mode in
different wavelengths of the waveguide in figure 5. As we can
know from the picture, the waveguide exhibits great band-
width (about 800 nm) in near-infrared region for phase-match
of the nonlinear parametric process. We present the TM
modes of wavelength at 800 nm, 1550 nm and 2000 nm,
respectively. The modes exhibit great performance at a single
mode. On the other hand, it is obvious that the waveguide
presents stronger confinement of light for shorter wavelength.
With the increase of working wavelength, more energy will
be distributed into the cladding material. According to the
simulation by finite element method, it is not a big problem
with negligible impact. At least, for this waveguide, the
influence is slight in near-infrared region.

Based on the proposed Si3N4 strip waveguide, we
explore temporal magnification and time-to-frequency con-
version via time-lens system shown in figure 1. Here, we set
input signal as 1540 nm and pump as 1560 nm. The GVDs to
the wavelength of signal and pump are −0.082 ps^2 m−1 and
−0.071 ps^2 m−1. And we mainly pay attention to the pulse
shaping in this section as shown in figure 6. Temporal
waveform and frequency spectrum of the input signal are
based on the same parameters with previous simulation
shown in figures 6(a), (b). And figures 6(c)–(f) presents the
temporal waveform and frequency spectrum of output signal
based on time-to-frequency conversion and temporal magni-
fication, respectively. The results have good match to
expectable theoretical results. As a whole, the curves of
output is smooth with negligible distortion. For temporal
magnification, the output signal keeps the similar features
with input signal in pulse shape after a magnification factor of
200×. For time-to-frequency conversion, the result also meets
the basic theory.

4. Conclusion

In summary, we have demonstrated the impacts of group
velocity dispersion on ultrafast pulse shaping in time-lens
system and presented the simulation results via solving cou-
pled mode equation. Meanwhile, the influences of GVD on
pulses about temporal magnification and time-to-frequency
conversion are discussed in detail. Furthermore, a silicon
nitride strip waveguide with optimal dimensions and disper-
sion characteristics is proposed to realize a time-lens system,
which obtains excellent outputs in simulation. This work
further demonstrates that the dispersion characteristics of

Figure 4. (a) The cross-section of the waveguide and (b) Ex and (c) Ey electric field components of the waveguide at the wavelength of
1550 nm. (d) the GVD and (e) third-order dispersion of the waveguide.

Figure 5. (a) The dispersion of the waveguide in near-infrared region
and the TM modes of 800 nm, 1550 nm and 2000 nm, respectively.
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nonlinear waveguide could be carefully designed to improve
the performance of chip-integrated time-lens system. These
results exhibit a significant potential in all-optical commu-
nication system.
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