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Analysis of ultra-short pulse shaping with programmable
amplitude and phase masks
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Specified ultra-short pulse waveforms could be synthesized with high-resolution zero-dispersion pulse shap-
ing system. The system and parameters are analyzed and discussed. The pulse shaping system with opti-
mized parameters could resolve the frequency components of ultra-broad bandwidth pulse and prevent the
spatial shaping of individual frequency components. The specified waveforms, Meyer wavelet and square
root raised cosine pulses, are generated with programmable amplitude and phase masks.
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Ultra-short pulsed lasers have recently been considered
for optical wireless communications and ultra-wideband
communications. Different pulse shapes have been ex-
amined with respect to communication system perfor-
mance, and it has been concluded that waveforms of the
Meyer wavelet family best suit multi-rate optical wireless
communications[1−3].

The key point for generating arbitrarily shaped opti-
cal waveforms with pulse shaping techniques[4−17] is that
waveform synthesis is achieved by parallel modulation in
the frequency domain. The pulse shaping process de-
pends on the spatial separation of different frequency
components at the mask, where selective spectral ma-
nipulations take place for different absorption and delay
properties of the separate mask regions. However, each
individual frequency component has a finite spatial ex-
tent at the mask, thus the different spatial regions of a
single component may encounter different optical prop-
erties. This results in the spatial shaping of individual
frequency components.

In this letter, we show that an optimized high-
resolution zero-dispersion pulse shaping system can
be used to synthesize ultra-short pulse waveforms to
specifications. We analyze zero-dispersion pulse shap-
ing system and discuss the parameters. The optimized
pulse shaping system can resolve the frequency compo-
nents of a given repetition rate mode-locked femtosecond
laser in the mask plane and prevent the spatial shaping of
individual frequency components. The specified shaped
pulses are generated with designed amplitude and phase
masks.

Mode-locked laser produces a train of ultra-short pulses
at a repetition rate, fr, which is determined by the laser
cavity length. The train of pulses generated by the laser
can be expressed as

e (t) = u (t) ⊗
∞∑

k=−∞

δ (t − kT ), (1)

where u(t) is the shape of the individual pulses, T = 1/fr

is the repetition period, and ⊗ is the convolution opera-
tor.

In frequency domain, this can be expressed as follows:

E (f) =
1
T

∞∑
k=−∞

U (kfr) δ (f − kfr), (2)

where U(f) is the Fourier transform of u(t). The spec-
trum of the train of pulses has a comb-like structure,
i.e., it consists of a large number of frequency compo-
nents (laser modes) separated by the repetition rate of
the laser[12,13].

The schematic of a pulse shaping apparatus is shown
in Fig. 1. A liquid crystal (LC) spatial light modulator
(SLM) has been used as a programmable mask to enable
computer-controlled generation of waveforms.

It can be noted that the spatial mapping of the fre-
quency components onto the mask is not linear and that
this nonlinearity cannot be ignored for wide pulse band-
widths. The position of the center of the kth component
on the mask is given by

xk = F tan(θdk − θd), (3)

Fig. 1. Schematic of the pulse shaping apparatus, BE: beam
expander.
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where F is the focal length of the lens, θd is the
diffraction angle for the central component, and θdk is the
diffraction angle for the kth component. The diffraction
angle is related to the wavelength through the grating
equation for the first-order diffraction, as shown in the
following equation:

λk = d(sin θin + sin θdk), (4)

where λ is the wavelength of the kth spectral component,
θin is the angle at which the input beam impinges on the
diffraction grating, and d is the grating groove spacing.
The spot size at the mask plane is also different with
different spectral components:

ak =
4λkF cos θin

πain cos θdk
, (5)

where ak is the focal spot diameter of the kth comb line
and ain is the input beam diameter, both at e−1 level of
the maximum field amplitude.

Ultra-short pulse laser emission is composed of im-
mense number of frequency components. The focal spot
formed by each component onto the mask has a finite
size and, for a Gaussian beam, a Gaussian spatial inten-
sity distribution. Individual focal spots usually overlap
in space, indicating that different frequency components
are not completely spatially separated (i.e., resolved).
This is illustrated in Fig. 2, where the following param-
eters are used in the simulation: 60-fs pulses at 810 nm,
laser repetition rate of 3 GHz, input beam diameter of 20
mm at e−1 level of the maximum field amplitude, input
angle of 70◦, grating groove spacing of 1/800 mm, and
lens focal length of 30 cm.

The distance between two neighboring frequency com-
ponents and the spot size of each frequency component
at the mask plane are shown in Figs. 3(a) and (b), re-
spectively.

In practice, the output waveform is shaped both in time
and space due to the pixel nature of the mask and the
finite spatial size of each frequency component. Wefers
et al. have investigated theoretically and experimentally
this space-time coupling phenomenon[4,7]. In most cases,
the pulse shaping mask has a pixel structure and the
light that impinges upon the pixel edges gives rise to
diffraction effects because of the overlapping of focal
spots of the individual frequency components (see Fig.
2). The diffraction of the pixel structure is manifested by

Fig. 2. Spatial intensity distribution on the mask plane of a
pulse shaping system. The solid line indicates the focal spot
intensity of individual spectral components.

Fig. 3. (a) Distance between neighboring frequency compo-
nents on the mask plane and (b) focused spot size of each
frequency component on the mask plane.

Fig. 4. Space-time profile of a waveform shape using the con-
ventional pulse shaping technique. The intended waveform
consists of four pulses of equal amplitude and phase. (a)
Contour plot and (b) waveform amplitude profile at trans-
verse position 0.

the appearance of high-order spatial modes in the output
field. Another effect of the pixel structure of the mask
is a sinc envelope function that modulates the output
waveform[4,10]. Figure 4 shows the space-time profile of
a shaped waveform when the individual frequency com-
ponents are not spatially resolved. The parameters of
the optical setup and the laser pulsed beam are the same
as the ones used in Fig. 2, and the mask has a pixel
structure with pixel size of 25 µm. The desired output
waveform is a sequence of four identical pulses. Since
the waveform occupies a significant part of the available
temporal window (determined by the sinc envelope func-
tion), the replica pulses are clearly visible and cannot be
neglected. Space-time coupling is manifested by a linear
time-dependent spatial shift. The amplitudes of the side
pulses are reduced due to the sinc envelope.

If each pixel of the pulse shaping mask filtered one and
only one frequency component of the input pulse spec-
trum, and each component’s focused spot fitted entirely
and completely within the corresponding pixel, then the
mask would effectively behave as a non-pixel structure
mask. The shaped pulse would be free from all adverse
effects arising from the finite spot size of the frequency
components and the pixel structure of the mask. Here,
we show how such operation of the pulse shaping appara-
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Fig. 5. (a) Distance between two neighboring frequency com-
ponents changes with the input angle at focal length of 120
cm and (c) the focal length at incident angle of 70◦; spot
size of each frequency component changes with (b) the input
angle at focal length of 120 cm and (d) the focal length at
incident angle of 70◦.

Fig. 6. Resolved pulse spectrum train based on the optimized
pulse shaping system.

tus can be ensured. With the improved system, arbitrary
waveforms can be generated with high accuracy.

The relationships of the distance and spot size with
the parameters of the pulse shaping system at the cen-
tral frequency component are shown in Fig. 5. As can
be seen, we could choose an appropriate incident angle
and a matched focal length to get the desired distance
between two neighboring frequency components and the
desired spot size of each frequency component on the
mask plane.

Incident angle of 70◦, input beam diameter of 40 mm,
grating groove space of 1/2100 mm, and focal length of
the mirror of 120 cm were used as the parameters of our
pulse shaping system for the simulation. The resolved
pulse train based on this pulse shaping system is shown
in Fig. 6. The corresponding distance between two neigh-
boring frequency components and the spot size of each
frequency component are shown in Figs. 7(a) and (b),
respectively.

Ideally, upon exiting the pulse shaping apparatus with
optimized parameters, the shaped pulse should have the
desired temporal waveform and unchanged spatial inten-
sity distribution.

When the fine structure of the comb-like spectrum is
resolved, the mask can be designed as a pixel structure
with each pixel filtering only one frequency component.

This solves the space-time coupling problem. Addition-
ally, the edges of the mask pixels are not illuminated
because no frequency component bridges the two neigh-
boring pixels. As such, there is no diffraction off the
pixel mask structure and higher-order spatial modes are
not present in the output waveform.

On the masking plane, the mask filters the spectral
content of the input pulse train linearly. The actual out-
put pulse train can then be expressed in the frequency
domain as follows:

Eout (f) =
1
T

∞∑
k=−∞

U (kfr) M (kfr) δ (f − kfr), (6)

where M(kfr) is the complex transmission of the mask
for the kth frequency component.

On the other hand, the target output from the pulse
shaping system is again a train of pulses and can be ex-
pressed in time and frequency domains similar to Eqs.
(1) and (2):

etarget
out (t) = r (t) ⊗

∞∑
k=−∞

δ (t − kT ), (7)

Etarget
out (f) =

1
T

∞∑
k=−∞

R (kfr) δ (f − kfr), (8)

Fig. 7. (a) Distance between two neighboring frequency com-
ponents and (b) spot size of each frequency component based
on the optimized pulse shaping system.

Fig. 8. Space-time profile of the waveform from Fig. 4 that
was shaped using the proposed novel pulse shaping technique.
(a) Contour plot and (b) waveform amplitude profile at trans-
verse position 0.
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Fig. 9. Left column: simulated shaped pulses (dots) and the
corresponding target waveforms (solid line); right column:
amplitude and phase mask patterns. (a) Meyer wavelet of
order 4; (b) square root raised cosine; and (c) sequence of
three identical pulses.

where r(t) is the desired output pulse shape and R(f) is
its Fourier transformation.

By comparing Eqs. (6) and (8), the desired complex
transmission of the mask is computed through

M (kfr) =
R (kfr)
U (kfr)

. (9)

Neither space-time coupling nor higher-order spatial
modes are present in the output pulse, as evident from
Fig. 8, where the space-time profile of the shaped pulse
is shown for the case of Fig. 4.

In practice, the output waveform differs from the de-
sired one. The actual mask transmission is obtained from
Eq. (6) after quantizing the mask transmission values ac-
cording to the available number of gray levels. Assuming
a Gaussian input electric field, we have designed eight-
level amplitude and phase masks that generate different
waveforms. Figure 9 shows the simulated output wave-
forms in comparison to the targeted waveforms.

The examples include a Meyer wavelet (Fig. 9(a)) and
a square root raised cosine pulse (Fig. 9(b)), which are
of particular importance to communications[1,2], as well
as a sequence of three identical pulses that are 6 ps apart
(Fig. 9(c)). The quantization error in the last example

results in ripples between the pulses and causes a slight
reduction in the amplitude of the two outer pulses. The
significant quantization error is due to the extremely fine
features in the targeted spectrum, which could not be re-
produced exactly by the eight-level masks.

In conclusion, we have devised an improved pulse shap-
ing system, which we can use to simulate truly arbitrary
waveform. Using an optimized high-resolution pulse
shaping apparatus, we have shown that it is possible
to resolve the spectral components that make up the
pulse train, allowing for the independent filtering of each
individual frequency component. The resultant shaped
waveforms are free from space-time coupling effects and
high-order spatial modes. Meyer wavelet and square root
raised cosine waveforms are simulated and compared with
the target pulses. These waveforms have been success-
fully obtained using masks with an eight-level pixel struc-
ture, which can potentially improve the availability and
throughput of optical wireless communication systems.
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