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ABSTRACT

A small-sized, high-functionality optical pulse compressor
capable of generating a low-power, high-repetition-frequency ultrashort pulse train used for ultrafast optical communication and photometry, and a simple-structure optical
function generator for realizing an arbitrary time waveform.
The optical pulse compressor comprises and optical Fourier
transform device (F) having an optical phase modulator (9)
driven by the repetition-frequency of an input optical pulse
train and a dispersive medium (8), for converting the shape of
an input optical pulse frequency spectrum into its time waveform, and an optical filter (3) inserted ahead of the optical
Fourier transform device (F), for reducing the spectrum width
of an input optical pulse, wherein the optical Fourier transform device (F) converts a small-spectrum-width optical
pulse output from the optical function generator generates an
optical pulse. The optical function generator generates an
optical pulse having an arbitrary time waveform by reproducing, as it is, a spectrum waveform-shaped arbitrarily by an
optical filter on a time-axis by the optical Fourier transform
device (F).
7 Claims, 10 Drawing Sheets
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OPTICAL PULSE COMPRESSOR, OPTICAL
FUNCTION GENERATOR, OPTICAL PULSE
COMPRESSION METHOD, AND OPTICAL
FUNCTION GENERATION METHOD

Non-patent Document 1

5

TECHNICAL FIELD
The present invention relates to optical pulse compressors
for compressing the time width of an optical pulse output
from a optical pulse source at a desired rate and optical
function generators for providing a desired pulse waveform,
in the ultrashort pulse technology used for ultra-high speed
optical communication and optical measurement.
BACKGROUND ART

W. J. Tomlinson, R. J. Stolen, and C V. Shank, "Compression
of optical pulses chirped by self-phase modulation in fibers,"
J. Opt. Soc. Am. B, Vol. 1, pp. 139-149, 1984
Non-patent Document 2

10

K. Tamura, T. Komukai, T. Yamamoto, T. Imai, E. Yoshida,
and M. Nakazawa, "High energy, sub-picosecond pulse compression at 10 GHz using a fiber/fiber-grating pulse compressor," Electron. Lett. Vol. 31, pp. 2194-2195, 1995
Non-patent Document 3

15

S. V. Chernikov, D. J. Richardson, E. M. Dianov, and D. N.
Payne, "Picosecond soliton pulse compressor based on dispersion decreasing fiber," Electron. Lett. Vol. 28, pp. 18421844, 1992

General optical pulse compression technology can be
Non-patent Document 4
broadly divided into a pulse compression technique using an
optical fiber and a pair of diffraction gratings (first convenM. Nakazawa, E. Yoshida, K. Kubota, and Y. Kimura, "Gentional technique) and a pulse compression technique based on 20 eration of 170 Is, 10 GHz transform-limited pulse train at 1.55
soliton effect using a dispersion-decreasing fiber (second
tm using a dispersion-decreasing, erbium-doped active soliconventional technique).
ton compressor," Electron. Lett. Vol. 30, pp. 2038-2040,1994
When a strong optical pulse is launched into a fiber, the first
Non-patent Document 5
conventional technique converts the pulse into a broadband 25
A. M. Weiner, J. P. Heritage, and E. M. Kirschner, "Highrectangular pulse having a linear chirp by normal dispersion
resolution femtosecond pulse shaping," J. Opt. Soc. Am. B,
and non-linearity (self-phase modulation effect) of the fiber.
Vol. 5, pp. 1563-1572, 1988
Then, the linearly chirped pulse is dispersion-compensated
through anomalous dispersion realized artificially by the pair
Non-patent Document 6
of diffraction gratings, and the width of the input pulse is 30
K. Okamoto, T. Kominato, H. Yamada, and T. Goh, "Fabrigreatly reduced (non-patent documents 1 and 2). Non-patent
cation of frequency spectrum synthesizer consisting of
document 2 reports an example of compressing an optical
arrayed-waveguide grating pair and thermo-optic amplitude
pulse train having a repetition frequency of 10 GHz and a
and phase controllers," Electron. Lett. Vol. 35, pp. 733-734,
pulse width of 7.1 ps to 720 fs at a wavelength of 1548 mu.
The second conventional technique compresses a soliton 35 1999
pulse width by decreasing the anomalous dispersion value of
DISCLOSURE OF INVENTION
the fiber adiabatically while maintaining the soliton property
along the direction of propagation (by changing the disperIn pulse compression of the first conventional technique,
sion gradually). The principle used here is that a soliton keeps
a constant level of energy by automatically varying the pulse 40 utilizing a fiber and a pair of diffraction gratings, the pulse
compression ratio depends on the magnitude of phase moduwidth with a change in dispersion (non-patent documents 3
lation induced by a pulse. Accordingly, the compression rate
and 4). Non-patent document 4 reports an example of comcan be enhanced by generating a linearly chirped pulse with a
pressing, with the use of a dispersion-decreasing fiber, an
wide spectrum through self-phase modulation and normal
optical pulse train having a repetition frequency of 10 GHz
and a pulse width of 3 psto l70fsata wavelength ofl550mu. 45 dispersion in a fiber. This technique is generally effective in
generating a high-power ultrashort pulse in the visible region
Conventional optical function generators and optical pulse
or the near-infrared region, where the fiber exhibits normal
shapers (third conventional technique) use a lens and a difdispersion. The general low-power optical pulse used in ultrafraction grating or an arrayed waveguide grating to change the
high
speed optical communication, however, cannot acquire
amplitude and phase of each frequency component of the
pulse independently (non-patent documents 5 and 6). Letting 50 large amount of chirp, and the compression ratio is limited. A
great compression ratio will require a great amount of disperthe input time waveform be u(t) and its spectrum be U(w), the
sion to compensate for the chirp, but the third-order disperoutput time waveform be v(t) and its spectrum be V(w), and
sion and the like have such a significant influence that the
the transfer function of pulse shaping in the time domain be
waveform of the pulse to be compressed is distorted.
g(t) and the transfer function of pulse shaping on the spectrum
In pulse compression of the second conventional techbe G(w), the relationship in the frequency domain can be 55
nique, utilizing a dispersion-decreasing fiber, the soliton
expressed as follows:
effect is used, so that the pulse width or the peak power must
be accurately adjusted to meet the soliton conditions. Adiabatic soliton compression generally requires a dispersionThe relationship in the time domain can be expressed as
60 decreasing fiber of 100 meters to several kilometers long. An
follows:
increased compression rate will increase the spectrum bandwidth. Because it is difficult to create a dispersion-decreasing
fiber having uniform dispersion characteristics across a wide
band,
this pulse compression method would be expensive.
g(t-T)u(T)dT
V(0
=f
65
In optical pulse shaping of the third compression technique, where the amplitude or phase processing is carried out
on the frequency components, the frequency characteristics
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of the transfer function shape the spectrum and phase of the
an optical function generator comprising an optical pulse
pulse. Accordingly, this method is just a frequency spectrum
generator, an optical Fourier transform circuit, and an optical
synthesis or a waveform synthesis of different frequency and
filter, the optical Fourier transform circuit having an optical
phase components. For instance, a rectangular waveform can
phase modulator and a dispersive medium, the optical funcbe obtained by giving the frequency characteristics of the sinc 5 tion generation method comprising that:
function, which is the Fourier transform of a rectangular
shaping the spectrum of an input optical pulse input from
wave, to the transfer function. Conventional optical pulse
the optical pulse generator, by inserting the optical filter
shapers must perform complicated processing of each specbefore the optical Fourier transform circuit;
trum in the frequency domain in order to implement a simple
driving the optical phase modulator at the repetition fre0 quency of the input optical pulse train; and
time waveform.
Accordingly, it is an object of the present invention to
generating an optical pulse having a desired time waveprovide a compact, highly-functional optical pulse compresform, by reproducing, directly in the time domain, the specsor that can generate a train of low-power, high-repetitiontrum shaped as desired by the optical filter, by means of the
frequency ultrashort pulses for use in ultra-high speed optical
optical Fourier transform circuit.
communication or optical measurement, and a simple optical 15
function generator that can implement a desired time waveADVANTAGES
form.
According to the first solving means of this invention, there
The present invention enables efficient compression of a
is provided an optical pulse compressor comprising:
train of low-power, high-repetition-frequency pulses in the
an optical Fourier transform circuit for converting the 20 optical communication wavelength range and can implement
shape of the frequency spectrum of an input optical pulse to a
a practical, economical, and high-quality short optical pulse
time waveform, the optical Fourier transform circuit having
source for ultra-high speed optical communication. In addian optical phase modulator driven at the repetition frequency
tion, a pulse train having a desired time waveform can be
of the input optical pulse train and a dispersive medium; and
easily generated, depending on the amplitude characteristics
an narrow-band optical filter for narrowing the spectrum 25 and phase characteristics of an optical filter, so that a highlywidth of the input optical pulse, the narrow-band optical filter
functional optical synthesizer for optical measurement or
being inserted before the optical Fourier transform circuit,
optical signal processing can be implemented.
wherein the optical Fourier transform circuit converts an
optical pulse having a narrow spectrum width output from the
BRIEF DESCRIPTION OF THE DRAWINGS
narrow-band optical filter to an optical pulse having a narrow 30
time width.
FIG. 1 is an illustrative view showing an optical pulse
According to the second solving means of this invention,
compressor of a first embodiment of the present invention.
there is provided an optical function generator comprising:
FIG. 2 is an illustrative view showing an optical function
an optical pulse generator for generating an optical pulse
generator of the first embodiment of the present invention.
train;
FIG. 3 is an illustrative view showing a configuration of an
an optical Fourier transform circuit for converting the
optical Fourier transform circuit F in FIGS. 1 and 2.
shape of the frequency spectrum of the optical pulse input
FIG. 4 shows sketches of the time waveforms and specfrom the optical pulse generator to a time waveform, the
trums of an optical pulse at A, B, and C in FIGS. 1 and 2.
optical Fourier transform circuit having an optical phase
FIG. S is a view displaying the time waveforms of the input
modulator driven at the repetition frequency of the input 40 pulse, the time waveforms of the compressed output pulse,
optical pulse train from the optical pulse generator and a
and the frequency chirps, of the optical pulse compressor of
dispersive medium; and
the first embodiment of the present invention.
an optical filter for shaping the spectrum of the input optiFIG. 6 is a view comparing the compression ratios of the
cal pulse, the optical filter being inserted before the optical
optical pulse compressor according to the present invention
Fourier transform circuit, 45
(solid lines) with the compression rate of an optical pulse
wherein the optical Fourier transform circuit generates an
compressor using a fiber and a pair of diffraction gratings
optical pulse having a desired time waveform, by reproduc(broken line).
ing, directly on the time axis, the spectrum shaped as desired
FIG. 7 is a view showing the input waveform, a Hermiteby the optical filter.
According to the third solving means of this invention, 50 Gaussian waveform generated by the optical function generator, and its phase, in the first embodiment of the present
there is provided an optical pulse compression method using
invention.
an optical pulse compressor comprising an optical Fourier
FIG. 8 is an illustrative view showing an optical pulse
transform circuit and a narrow-band optical filter, the optical
compressor of a second embodiment of the present invention.
Fourier transform circuit having an optical phase modulator
FIG. 9 is an illustrative view showing an optical function
and a dispersive medium, the optical pulse compression
generator of the second embodiment of the present invention.
method comprising that:
FIG. 10 is a view showing the time waveforms of the input
narrowing the spectrum width of an input optical pulse by
pulse, the time waveforms of the compressed output pulse
inserting the narrow-band optical filter before the optical
(solid lines), and the frequency chirp (broken line), of the
Fourier transform circuit;
driving the optical phase modulator at the repetition fre- 60 optical pulse compressor of the second embodiment of the
present invention.
quency of the input optical pulse train; and
converting the optical pulse having a narrow spectrum
BEST MODE FOR CARRYING OUT THE
width output from the narrow-band optical filter to an optical
INVENTION
pulse having a narrow time width, by means of the optical
Fourier transform circuit. 65
According to the fourth solving means of this invention,
Embodiments of the present invention will be described
there is provided an optical function generation method using
below with reference to the drawings.
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A. First Embodiment
FIG. 1 is a view showing the configuration of an optical
pulse compressor of a first embodiment. The optical compressor includes an optical input terminal 1, an optical coupler 2,
an optical narrow-band filter 3, an optical amplifier 4, optical
circulators 5 and 5', a clock extraction circuit 6, an electric
amplifier 7, a dispersive medium 8, an optical phase modulator 9, and an optical output terminal 10.
The optical input terminal 1 is connected through the optical coupler 2, the optical narrow-band filter 3, and the optical
amplifier 4 to a port Sa of the optical circulator 5. The port Sa
of the optical circulator is connected through a port Sb, the
dispersive medium 8, and a port Sb of the optical circulator 5'
to a port S'a. The ports S'a and Sc of the optical circulator 5'
are connected in a loop passing the optical phase modulator 9.
The port Sb of the optical circulator S is connected through a
port Sc to the optical output terminal 10. The flow of a signal
is represented by broken lines in the figure. The optical coupler 2 is connected through the clock extraction circuit 6 and
the electric amplifier 7 to a drive circuit of the optical phase
modulator 9. The optical circulators S and 5', the dispersive
medium 8, and the optical phase modulator 9 are included in
an optical Fourier transform circuit F.
The optical Fourier transform circuit F receives an optical
pulse and performs an optical Fourier transform from a spectrum in the frequency domain to a pulse waveform in the time
domain.
The optical phase modulator 9 is preferably a phase modulator utilizing the electrooptic effect such as LiNb0 31 for
instance. The optical phase modulator 9 may also use the
phase modulation effect of EA (electro-ab sorption) or SOA
(semiconductor optical amplifier). Generally, many phase
modulators have polarization dependency, but the optical
phase modulator 9 may be a polarization-independent optical
device or may eliminate the polarization dependency by a
polarization diversity method.
A phase shifter and a optical delay fiber may be provided to
apply phase modulation to the optical pulse at an optimum
timing. If the timing of modulation varies with temperature or
another factor, the phase shifter can automatically adjust the
phase shift amount to apply optimum modulation. An electric
amplifier may also be provided to output a drive signal for
driving the optical phase modulator 9 in accordance with the
output of the phase shifter.
The dispersive medium 8 can be a fiber Bragg grating, a
pair of diffraction gratings, or a single-mode optical fiber
having such group velocity dispersion characteristics that a
zero-dispersion region exists near the 1.3-tm wavelength
range.
FIG. 2 is a view showing the configuration of an optical
function generator of a first embodiment. Like the optical
pulse compressor, the optical function generator includes an
optical coupler 2, an optical filter 13, an optical amplifier 4,
optical circulators S and 5', a clock extraction circuit 6, an
electric amplifier 7, a dispersive medium 8, an optical phase
modulator 9, and an optical output terminal 10. In addition, an
optical pulse generator 11 is included. The optical pulse compressor uses the optical narrow-band filter 3 for narrowing the
spectrum width of the input optical pulse while the optical
function generator uses the optical filter 13 having (appropriate) amplitude characteristics and phase characteristics predetermined for shaping the spectrum of an incoming optical
pulse. The components having the same reference numerals
as in the optical pulse compressor are configured and operate
as described earlier.

6
The optical pulse generator 11 generates an optical pulse
train. The optical pulse generator 11 outputs, for instance, an
optical pulse train generated by a laser or another light source
to the optical coupler 2. The optical function generator can
5 generate desired output waveforms by appropriately specifying the waveform of the optical pulse generated by the optical
pulse generator 11, the characteristics of the optical narrowband filter 3, and the like.
A general operation of the optical pulse compressor and the
10 optical function generator will be described.
The optical input terminal 1 of the optical pulse compressor receives an optical pulse train while the optical pulse
generator 11 of the optical function generator generates an
optical pulse train. The subsequent part of the operation is
15 common to the optical pulse compressor and the optical function generator. The input optical pulse train passes through
the optical coupler 2, and the clock signal (sinusoidal signal)
of the optical pulse train is reproduced in advance by the clock
extraction circuit 6 and the electric amplifier 7. Each pulse of
20 the optical pulse train meets the Fourier transform-limit conditions. A transform-limited pulse here has a just enough
spectrum width for the time waveform. For instance, a Gaussian pulse satisfies the condition of AvAT0.44 1, where AT is
the width of the time pulse and Av is the spectrum width. The
25 optical pulse train is next input to the optical narrow-band
filter 3 in the optical pulse compressor or to the optical filter
13 in the optical function generator, and then amplified by the
optical amplifier 4 having an appropriate gain for maintaining
the same level of energy before and after the filter. The ampli30 tude characteristics and phase characteristics of the optical
narrow-band filter 3 or the optical filter 13 determine the time
waveform of the output pulse obtained through an optical
Fourier transform performed by the optical Fourier transform
circuit F. The amplified optical pulse passes through the ports
35 Sa and Sb of the optical circulator S and enters the dispersive
medium 8, where group-velocity dispersion is applied to the
optical pulse. The group-velocity dispersion causes the individual frequency components of the time waveform of the
optical pulse to have different time delays. Accordingly, dif40 ferent time shifts are assigned to the individual frequency
components of the spectrum of the optical pulse. The optical
pulse subjected to group-velocity dispersion passes through
the ports Sb and S'a of the optical circulator S' and enters the
optical phase modulator 9, which is driven at the clock fre45 quency reproduced from the optical pulse train. The optical
phase modulator 9 linearly chirps the optical pulse. Now, the
time waveform of the optical pulse is frequency-shifted, and
different frequencies are assigned to individual time positions. Different frequency shifts are given to the spectrum of
50 the optical pulse depending on the time shifts, and different
time components are divided in the frequency domain.
Accordingly, the frequency components of the optical pulse
are divided in the time domain. A Fourier transform image
U(w) of the time waveform u(t) is generated at B in FIGS. 1
55 and 2, which will be described later, by setting the chirp rate
K of the optical phase modulator 9 to lID, where D is the
dispersion amount of the dispersive medium 8. The optical
pulse passes through the ports Sc and Sb and enters the
dispersive medium 8 again, and the remaining chirp is com60 pensated for. Then, the optical pulse is output through the
ports Sb and Sc of the optical circulator S and the optical
output terminal 10 to the outside.
The operation of the optical Fourier transform circuit F,
which plays a dominant role in the present invention, will next
65 be described in further detail.
FIG. 3 is a sketch illustrating the optical Fourier transform
circuit F. The operation in the first embodiment will be
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described, with regard to each pulse included in the optical
pulse train input to the optical Fourier transform circuit 3. The
time waveforms at Fl, F2, F3, and F4 in the figure are denoted
as u(t), u_(t), u(t), and v(t) respectively. The dispersion
amount of the dispersive medium 8 is denoted as D, and the 5
chirp rate of the optical phase modulator 9 is denoted as K. If
the dispersive medium 8 is an optical fiber having a length L
and second-order dispersion k", the dispersion amount D
equals k"L. The phase modulation characteristics of the optical phase modulator 9 are given by exp(iKt 2 /2). 10
The relationship between the input pulse waveform u(t)
and the output pulse waveform v(t) of the optical Fourier
transform circuit F is obtained as follows. The output pulse
u_(t) of the dispersive medium 8 preceding the optical phase
modulator 9 is obtained by a convolutional integration of the 15
input pulse u(t), as expressed below.

(1) 20

U_(t) = V2iD

The relationship between the signal u_(t) before the optical
phase modulator 9 and the signal u(t) after the optical phase
modulator 9 is expressed as follows:
u(t)=u_(t)exp(iKr7 12)

25

(2)

The output pulse v(t) of the dispersive medium 8, which the
optical pulse passes again after the optical phase modulator 9,
is given by an expression similar to the expression (1), using
the input pulse u(t):

VW = V21D i:u*(t')exp(_

(t_)2)d

U(w)

=

f U((')exp(w(')d(' (6)

Accordingly, the output time waveform v(t) of the optical
Fourier transform circuit F corresponds to the shape of the
spectrum of the input waveform of the optical Fourier transform circuit F when the scale in the time domain is converted
to t/D=w.
The shaping of the optical pulse waveform in the configurations shown in FIGS. 1 and 2 will next be described in
further detail, with reference to drawings.
FIG. 4 shows sketches of time waveforms of an optical
pulse and their spectrums. FIGS. 4(a), 4(b), and 4(c) are
sketches of the time waveforms and spectrums of the optical
pulse at A, B, and C respectively in FIGS. 1 and 2. Letting the
time waveform of the optical pulse input from the optical
input terminal 1 (at A in FIGS. 1 and 2) be u,(t) and its
spectrum be U,(w), and the time waveform after the optical
narrow-band filter 3 or the optical filter 13 having a transfer
function G(w) (at B in FIGS. 1 and 2) be u(t) and its spectrum
be U(w), the following expression is satisfied:
U(w)=G(w)U(w) (7)

30

When the optical pulse at B in FIGS. 1 and 2 is input to the
optical Fourier transform circuit F, the time waveform v(t) of
the output signal of the optical Fourier transform circuit F at
C in FIGS. 1 and 2 is proportional to the spectrum U(w) of the
input signal, as given by the expression (5). The expressions
(5) and (7) give the following expression:

(3)

Therefore, the output waveform v(t) of the optical Fourier
transform circuit F can be derived from the input waveform
u(t), by using expressions (1) to (3) as follows:

where U(w) [w=t/D] is a Fourier transform of u(t) expressed
by the following:

40

V(t) =

G(t/D)U(t/D)

(8)

IVZ'rlD

The expression (8) indicates that the spectrum U(w) shaped
s according to the amplitude characteristics G(w) of the optical
narrow-band filter 3 or the optical filter 13 appears in the
I
I
u(t")exp(
output time waveform v(t) as G(w)U,(w). Accordingly, a
Di:[i:
desired time waveform G(t)U,(t) depending on the filter
[lKt' 2 "
I
shape can be implemented.
exp
Iexp(- - (t - ) 2 dt
2)
2D
50 Supposing that the input signal has a Gaussian waveform,
a method of implementing pulse compression based on the
principle described above in the configuration shown in FIG.
When the chirp rate K of the optical phase modulator is set to
1 will be described. When the input Gaussian pulse waveform
l/D, the expression (4) can be written as follows:
u,(t) is expressed by:
1Kt' 2I
(t_) 2 )d
"TD

VW =

V2ID

(4)

55
u(t)=Aexp(-t2 12 T02 )
1r
VW = 2r1D

J_

i:exp(_
=

1

u(t")exp( 2D (2 +t2))

[t'2 - 2(t" + t)t'])dt'dt"
it
fu(t)exP(D t")dt"

IVZ'rlD
(J(t/D)
IVZ'rID

(9)

(5)

the spectrum U,(w) is obtained by the following expression:
60

o)=j2tTo 2Aexp(-To2 0)2 /2)

(10)

If the input spectrum U,(w) is Gaussian and if the optical
narrow-band filter 3 has Gaussian amplitude characteristics,
the frequency spectrum after the optical narrow-band filter 3
becomes Gaussian as well. Therefore, if the transfer function
65
of the optical narrow-band filter 3 is expressed by:
G(w)=aexp(-w 2 /2 Q?)
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Accordingly, TFM of 1.0 ps corresponds to T 0 of 0.6 ps.
Suppose that the frequency characteristics of the filter 3 are
given by the expression (11). If the chirp rate K of the optical
phase modulator 9 is -2.77 ps 2 , the dispersion amount D of
U(w)=j2tTo2 Aaexp[-(To2 +1/Qj)0) 2 /2]
(12)
5 the dispersive medium 8 equals 1/K, which equals -0.36 ps 2 .
If a single-mode fiber (SMF) [k"=-20 ps 2 /km] is used as the
where a is a gain for compensating for the energy lost by the
dispersive medium, a required length L equals D/k", which
filter 3. Accordingly, the output waveform obtained at C in
equals 18 m. The non-linear optical effect and high-order
FIG. 1 is given by substituting w=t/D and the expression (12)
dispersion of the SMF are ignored here. The modulation
into the expression (5):
10 characteristics (t) of the optical phase modulator 9 should be
given by the following combination of sinusoidal waves, so
that the chirp characteristics approximated near the peak of
(13)
the pulse become linear (the phase modulation characteristics
VW = VKT Aexp(_I2T)
are approximated by a parabola).
where QiS the bandwidth of the optical narrow-band filter 3,
the input spectrum of the optical Fourier transform circuit F at
B in FIG. 1 is given by the following expression:

15

where T 1 is the pulse width.
The pulse width T 1 is given by:

(t) = A m (COsW m t_ cos3w m tJ

(16)

20

where the drive frequency m of the optical phase modulator
9 synchronized with the repetition frequency of the optical
IKIsIT + 1
pulse train and the bit interval Tm of the optical pulse train
have a relationship expressed by w_ -27c/T_. The expression
25 (16) considers up to the third-order harmonics, so that (t) can
be approximated by a parabola around the peak as far as
If the compression is supposed to be the ratio of the input
possible.
pulse width T 0 to the output pulse width T 1 of the expression
FIGS. 5(a), 5(b), and 5(c) are views taken when the band(14), the compression ratio is expressed by:
width Qof the filter is 447 rad-GHz, 258 rad-GHz, and 200
30 rad-GHz respectively. These conditions correspond to a 3-dB
bandwidth of 118.5 GHz, 68.4 GHz, and 53.0 GHz respec(15)
T0
- IKIT 1 + f2 T02
tively, and to a bandwidth of AfFWHM/3 .73, AfFWHM/6.45 and
n
AfFl/8.33 respectively at a pulse spectrum width AfFWHM
IKI
of 441 GHz. In the figure, a thin solid line represents the time
cf
35 waveform at in FIG. 1, a thick solid line represents the time
waveform at C in FIG. 1, and a broken line represent the
frequency chirp of the output waveform at C in FIG. 1. The
inset shows the output time waveform at C in FIG. 1 on the dB
where
1. It is important here that the compression of
scale.
the spectrum width by the optical narrow-band filter 3 is
The analyzed compression ratios of (a), (b) and (c) are
directly converted to the compression of the time width of the 40
3.86, 6.41, and 7.69 respectively. These values are very close
pulse by the optical Fourier transform. The pulse obtained as
to the theoretical values (3.86, 6.54, and 8.40) given by the
the output waveform has a spectrum width compressed by a
expression (15). The time bandwidth products (TBPs) of the
factor of(1 + 1/Q!T02)-'2 by the optical narrow-band filter 3,
obtained pulse are 0.441, 0.451, and 0.484 respectively.
as given by the expression (12), and a pulse width compressed
by a factor of IKIT 0 2 (1+1/Q 2 T 0 2 ) - ' 2 by the optical Fourier 45 When the filter has a narrow band, the output waveform has a
uniquely broadened bottom. An increase in TBP results from
transform, as given by the expression (15). The expression
the Fourier transform not being accurately performed at the
(15) gives such important information that an increase in
bottom of the pulse because the optical narrow-band filter 3
chirp rate K given by the optical phase modulator 9 or a
reduces the spectrum width, broadening the time width of the
decrease in bandwidth Qof the optical narrow-band filter 3
50 pulse to such a region that approximation by a parabola in the
will increase the compression ratio.
expression (16) is impossible. Accordingly, the output waveFIG. 5 shows views displaying the time waveform of the
form shown at (a) has no chirp while the output waveforms
input pulse, the time waveform of the compressed output
shown at (b) and (c) have a third-order or higher-order frepulse, and the frequency chirp, of the optical pulse compresquency chirp. The output waveform of the narrow-band filter
sor of the first embodiment of the present invention. A solid
line represents a time waveform, and a broken line represents 55 can be improved and the compression ratio can be enhanced
further by increasing the accuracy of approximation of the
a frequency chirp. The inset shows the time waveform of the
phase
modulation characteristics. This means that an optical
output pulse on the dB scale.
pulse compressor having the same configuration can impleThe figure shows values obtained to represent the performent a desired pulse compression ratio by using a narrowmance of pulse compression by the pulse compressor of the
60 band filter having a variable bandwidth.
first embodiment, through calculation on a pulse train having
Pulse compression using a Fourier transform of the present
a repetition frequency of 10 GHz and a pulse width of 1 ps.
invention will be compared with the conventional pulse comThe time waveform of the input pulse at A in FIG. 1 is
pressor using a fiber and a pair of diffraction gratings. The
assumed to be a transform-limited Gaussian pulse (9). The
compressor including a fiber and a pair of diffraction gratings
relationship of the input pulse width T o and the full width at
65 can be modeled by a combination of an optical phase moduhalf maximum TFM is given by the following expression:
lator having phase modulation characteristics exp(iKt 2 /2)
TF2(1n2)"2 To
(chirped by normal dispersion and self-phase modulation)
(14)

T1

-
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and a dispersive medium having a dispersion amount D
(anomalous dispersion). The dispersion amount D given here
is an amount of dispersion required to cancel out the chirp by
phase modulation. If the Gaussian input u(t) is Aexp(—t 2 /
2T 0 2 ), the dispersion amount D required to cancel out the 5
chirp by phase modulation exp(iKt 2 /2) is obtained as
described below. The phase-modulated pulse u'(t) is
expressed as follows:

obtained under the condition of the expression (19) equals
T 0 /(1 +K 2 T 04 )' 2 , as derived from the expression (20). Therefore, the compression ratio is given by the following expression:

TO

= 1 + K2 T

(21)

IKIT
10
u'(t) = u(t)exp(1K12 /2)

where K 2 T 0 4 >>1.
FIG. 6 shows a view comparing the compression ratio of
15 the optical pulse. The figure compares the compression ratio
of the optical pulse compressor according to the present
The waveform change v(t) caused by the dispersion amount D
invention (solid lines) with the compression ratio of an optical
is derived from the expression (1) as follows:
= Aexp(— t2 / 2TO2 +1K12 /2)

V(t) =

I
I
J
1

V2rID -

1

- V2ID

11
u' (t')expl - - (t . 2D

112

A

-

- V21D

)

2
1KI 2 J
1
exp---+ 2 exp(_(t_t)2)dt
[ 2T

1/T02+i(1/D—K)
27r
exp

2D +2D2[1/T+1(1/D_K)]
)
t2

The exponential part can be divided into a real term and a
phase term, as follows:

30

pulse compressor using a fiber and a pair of diffraction gratings (broken line). The figure also compares the relationship

1j2 F
i
11D—K
12
2D2T[1/T+(1/D_K)2] 2D2LD 1/+(1/D_K)2]J

v(t)

The phase term

(17)

between the chirp rate and the pulse compression ratio of the
pulse compressor using an optical Fourier transform given by
the expressions (15) and (21) and the pulse compressor using
a fiber and a pair of diffraction gratings. In the figure, T 0 is set
(18)
F
i\
12
11D—K
II
exp
ID
to 0.6 ps, which corresponds to a full width at half maximum
2D 2 [
1/T+(1/D_K) 2 j)
T w,,m of 1.0 ps. The compression ratio of the compressor
45
using an optical Fourier transform is greater than the compression ratio of the compressor using a fiber and a pair of
including the chirp in the expression (17) becomes zero with
diffraction gratings at any IKI. The compression ratio
D given by:
increases as the bandwidth of the filter narrows. This can be
50 explained as follows: The expressions (15) and (21) indicate
that the compression ratio of any compression method is
(19)
proportional to the magnitude IKI of the chirp rate when the
1/D—K
KT
Dpulse width T 0 is kept at a constant level. The proportionality
D= 1 + K 2
+(1/D - K)2 —0
factor of the compression ratio of the compressor using a fiber
and a pair of diffraction gratings is given by T 0 2 in the expression (21). The proportionality factor of the compression ratio
The real part of v(t) is derived from the expressions (17) and
of the compressor using an optical Fourier transform depends
(19), as follows:
on the bandwidth Qof the filter and is expressed by T 0/Q 1 as
derived from the expression (15). While Q1> l/T 0 (while the
60 bandwidth of the filter is narrower than the spectrum width of
(20)
1
the pulse), the compressor using an optical Fourier transform
12
12
I - expi —(1
expi—
T02 + K 2 T)J
2D2T[1/I+(1/D_K)2])
always provides a higher compression ratio and shows better
compression characteristics than the compressor using a fiber
and a pair of diffraction gratings.
The shaping of the time waveform of the optical pulse in
65
The time width T 1 of a transform-limited Gaussian pulse
the configuration shown in FIG. 2 will be described next in
V(t) cexp(—t2 /2T1 2 )
further detail. A desired time waveform depending on the
40

I
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function form of G(w) can be generated by selecting appropriate frequency characteristics G(w) of the optical filter 13,
as indicated by the expression (6). It will be indicated here
that a pulse train having a waveform expressed by a HermiteGaussian function can be generated when a Gaussian pulse is
input and when the filter has amplitude characteristics
expressed by a Hermitian polynomial expression H,(x).
A Hermite-Gaussian function i4i,(x) is defined by a Hermitian polynomial expression H,(x), as follows:

input terminal 1 of the optical pulse compressor of the second
embodiment is replaced by an optical pulse generator 11, as in
the first embodiment.
5

10
1

f 2"n !

H(x)exp(—x2/2)

(22)

15

The Hermitian polynomial expression H,(x) is a series of
polynomials, defined as follows:
H

1 -2xH,+2nH,_ 1 =0,

Ho(x)=1, H 1 (x)=2x

(23)

For instance, H 2 (x)=4x 2 -2. Because a Hermite-Gaussian
function is expressed as the product of a Hermitian polynomial and a Gaussian function, the Hermite-Gaussian function
can be obtained in the time domain by injecting a Gaussian
optical pulse to an optical Fourier transform through a filter
having frequency characteristics expressed by a Hermitian
polynomial expression. The amplitude characteristics of the
filter must satisfy just this condition (by the neglect of the
normalization constant):

20

25

30
G(w)=H,(T0 w)

(24)

FIG. 7 is a view showing the input waveform, the generated
Hermite-Gaussian waveform, and its phase, of the optical
function generator of the first embodiment of the present
invention. The figure shows values obtained to indicate the
effect of shaping by the optical function generator of the first
embodiment, through calculation using the initial conditions
given above with the optical Fourier transform circuit and
considering the transfer function of the optical filter 13 to be
• second-order Hermitian polynomial H 2 (T 0 w). In the figure,
• thin solid line represents the time waveform of the optical
pulse at A in FIG. 2, a thick solid line represents the time
waveform of the optical pulse at C in FIG. 2, and a broken line
represents the phase of the output waveform at C in FIG. 2.
The phase change in the vicinity of t=O represents a phase
inversion in the central part of the second-order HermiteGaussian function. A transform-limited second-order Hermite-Gaussian function can be output by using the optical
filter 13 having frequency characteristics expressed by a second-order Hermitian polynomial H 2 (T 0 w).

35
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The operation of the optical pulse compressor and the
optical function generator will be described next.
An optical pulse train is input to the optical input terminal
1 of the optical pulse compressor while the optical pulse
generator 11 of the optical function generator generates an
optical pulse train. The subsequent part of the operation is
common to the optical pulse compressor and the optical function generator. The input optical pulse train passes through an
optical coupler 2, and the clock signal of the optical pulse
train is reproduced in advance by the clock extraction circuit
6 and the electric amplifier 7. The optical pulse train is then
supplied to an optical narrow-band filter 3 in the optical pulse
compressor or to an optical filter 13 in the optical function
generator. The optical pulse train is amplified by an optical
amplifier 4 having an appropriate gain for maintaining the
same level of energy before and after the filter. The amplified
optical pulse is supplied through ports Sa and Sb of an optical
circulator S to the optical phase modulator 9. The optical
pulse is linearly chirped by the optical phase modulator
driven at timing depending on the clock signal reproduced
from the optical pulse train. Different frequency shifts are
assigned to individual time positions of the optical pulse. The
chirped optical pulse passes through the ports Sb and S'a of
the optical circulator S' and the dispersive medium 8. Different time delays are given to the time waveform of the optical
pulse depending on the frequency shifts and different frequency components are separated in the time domain. When
the dispersion amount D of the dispersive medium 8 is set to
1/K, where K is the chirp rate of the optical phase modulator
9, the Fourier transform image U(w) of the time waveform
u(t) at B in FIGS. 8 and 9 is generated in the time domain.
The relationship between the input pulse waveform u(t)
and the output pulse waveform v(t) of the optical Fourier
transform circuit F is obtained as described below. The time
signal u_(t) after phase modulation ofu(t) by the optical phase
modulator 9 is given by the following expression, which is
similar to the expression (2):
u_(t)=u(t)exp(iKt212)

The pulse waveform u(t) after the dispersive medium 8 following the optical phase modulator 9 is given by the following expression, which is similar to the expression (1), by
50 using u_(t):

B. Second Embodiment

(26)

u(t)
=

FIG. 8 is a view showing the configuration of an optical
pulse compressor of a second embodiment. The configuration
shown in FIG. 8 differs from the configuration shown in FIG.
1 in the following points: a dispersive medium 8 and an
optical phase modulator 9 in an optical Fourier transform
circuit F are interchanged, and an optical delay element 12 is
placed after the dispersive medium 8 in a loop connecting
ports S'a and Sc of an optical circulator 5'. The drive circuit of
the optical phase modulator 9 receives a clock signal reproduced by a clock extraction circuit 6 and an electric amplifier
7 from an optical coupler 2, as in FIG. 1.
FIG. 9 is a view showing the configuration of an optical
function generator of the second embodiment. The optical

(25)

V21D i:uexp_ (t— t)2)dt
55

The expression (26) can be rewritten as follows with regard to
u(t), by using the expression (25):
60
1Kt' 2I
u (t) =
i:uexP__JexP(_ (t VZ'rID

(27)

65

If the dispersion amount D of the dispersive medium 8 is set
to 1/K, the expression (27) can be rewritten as follows:
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single apparatus according to the present invention can provide different pulse compression ratios, by using a narrow(28)
1
1 'K12\
band filter having a variable bandwidth, so that flexibility can
I
ujt)=
u(t')exp(-)d
2)
be given to the configuration of an optical pulse compressor
VZ'riD
5 and an optical pulse compression method.
1
exp(_
(J(t/D)
With an optical function generator and optical function
2
V 1D
generation method of the present invention, a pulse having a
desired time waveform depending on the form of the transfer
function of a frequency filter can be generated easily by
where U(w) [w=t/D] is a Fourier transform (expression (6)) of 10 designing the amplitude characteristics and the phase charu(t). The remaining chirp exp(—iKt 2/2) in the expression
acteristics of the frequency filter appropriately. The present
above can be eliminated by applying again a phase modulainvention can provide an optical function generator and an
tion of the same amount, exp(iKt 2 /2), by the optical phase
optical function generation method that can find a wide range
modulator 9. The pulse train is delayed by an appropriate
of uses such as signal pulses for ultrahigh-speed time-division
amount by the optical delay element 12 and enters the optical 15 multiplexed optical transmission and sampling pulses in
phase modulator 9 again. The delay amount is specified so
ultrahigh-speed measurement, by obtaining ultrashort pulses
that the peak of the pulse coincides with the timing of the
with a pulse width of several hundreds of femtoseconds or a
phase modulation characteristics of the optical phase modupulse train having a desired time waveform such as Gaussian,
lator 9. After the remaining chirp is completely eliminated,
Hermite-Gaussian, and rectangular.
the optical pulse expressed by:
20
The invention claimed is:
1. An optical function generator comprising:
an optical pulse generator for generating an optical pulse
(29)
train;
v(t) - U(t/D)
VZ'riD
an optical Fourier transform circuit for converting the
25
shape of the frequency spectrum of the optical pulse
input from the optical pulse generator to a time waveis output through the ports Sb and Sc of the optical circulator
form, the optical Fourier transform circuit having an
S and the optical output terminal 10 to the outside.
optical phase modulator driven at the repetition freFIG. 10 is a view showing the time waveforms of the input
quency of the input optical pulse train from the optical
pulse, the time waveforms of the compressed output pulse 30
pulse generator and a dispersive medium; and
(solid lines), and the frequency chirp (broken line), of the
an optical filter for shaping the spectrum of the input optioptical pulse compressor of the second embodiment of the
cal pulse and determining the time waveform of the
present invention. A solid line represents a time waveform,
output optical pulse in accordance with frequency charand a broken line represents a frequency chirp. An insert ed
acteristics, the optical filter being inserted before the
view shows the time waveform of the output pulse on the dB 35
optical Fourier transform circuit,
scale. The figure shows values obtained to express the perforwherein the optical Fourier transform circuit generates an
mance of pulse compression by the pulse compressor of the
optical pulse having a desired time waveform depending
second embodiment, through calculation using the same
on the function form of the frequency characteristics of
parameters as in the calculation of pulse compression in the
the optical filter, by reproducing, directly in the time
first embodiment. Like in FIG. 5, FIGS. 10(a), 10(b), and 40
domain, the spectrum shaped as desired by the optical
10(c) are views taken when the bandwidth Q. the filter is
filter.
447 rad-GHz, 258 rad-GHz, and 200 rad-GHz respectively. A
2. An optical function generator according the claim 1,
thin solid line represents the time waveform at A in FIG. 8, a
wherein a Fourier-transform-limited pulse is used as the input
thick solid line represents the time waveform at C in FIG. 8,
optical pulse.
and a broken line represents the frequency chirp of the output 45
3. An optical function generator according to claim 1,
waveform at C in FIG. 8. The inset shows the output time
wherein the optical phase modulator is driven at a clock
waveform at C in FIG. 8, using a logarithm scale as the
frequency reproduced from the input optical pulse train, and
vertical axis. The compression ratios at (a), (b), and (c) are
linearly chirps the input optical pulse; and the dispersive
3.86, 6.41, and 7.69 respectively, which are large like the
medium gives group-velocity dispersion.
compression ratios obtained in FIG. 5. The time bandwidth so
4. An optical function generator according to claim 1,
products, TBPs, of the output pulse are 0.441, 0.450, and
wherein, in the optical Fourier transform circuit,
0.482 respectively, which are slightly better than the results
the dispersive medium gives group-velocity dispersion to
obtained in FIG. 5.
the optical pulse output from the optical filter;
the optical phase modulator is driven at a clock frequency
INDUSTRIAL APPLICABILITY
ss
reproduced from the input optical pulse train, and linearly chirps the optical pulse output from the dispersive
According to the present invention, a compact, highlymedium; and
functional optical pulse compressor that can generate a train
the dispersive medium receives the optical pulse output
of low-power, high-repetition-frequency ultrashort pulses for
from the optical phase modulator, gives group-velocity
use in ultra-high speed optical communication or optical 60
dispersion again, and compensates for the remaining
measurement and a simple-structure optical function generachirp.
tor that can implement a desired time waveform can be pro5. An optical function generator according to claim 1,
vided.
wherein, in the optical Fourier transform circuit,
With an optical pulse compressor and optical pulse comthe optical phase modulator is driven at a clock frequency
pression method of the present invention, ultra-high-speed, 65
reproduced from the input optical pulse train, and linultrashort pulses can be generated over a wide range of input
early chirp s the optical pulse output from the optical
power and pulse width by a compact, simple configuration. A
filter;
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the dispersive medium gives group-velocity dispersion to
the optical pulse output from the optical phase modulator; and
the optical phase modulator receives the optical pulse output from the dispersive medium, gives another linear
chirp, and compensates for the remaining chirp.
6. An optical function generator according to claim 1,
wherein the chirp rate K of phase modulation by the phase
modulator and the group-velocity dispersion D of the dispersive medium satisfy a relationship of K=1/D.
7. An optical function generation method using an optical
function generator comprising an optical pulse generator, an
optical Fourier transform circuit, and an optical filter, the
optical Fourier transform circuit having an optical phase
modulator and a dispersive medium, the optical function generation method including:

18
shaping the spectrum of an input optical pulse from the
optical pulse generator, and determining the time waveform of the output optical pulse in accordance with
frequency characteristics, by inserting the optical filter
5
before the optical Fourier transform circuit;
driving the optical phase modulator at the repetition frequency of the input optical pulse train; and
generating an optical pulse having a desired time wave10 form, depending on the function form of the frequency
characteristics of the optical filter, by reproducing,
directly in the time domain, the spectrum shaped as
desired by the optical filter, by means of the optical
Fourier transform circuit.
15

