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Abstract. We have built a simple line-by-line spectral intensity coder with 4 GHz
resolution at 1.55 um using a grating, a collimating lens, and an intensity mask. By
applying a 10 GHz mode-locked spectral comb to the coder, we have generated
relatively stable 20 — 100 GHz pulse trains with 10 GHz steps. The characteristics
of generated pulse trains are examined quantitatively by measuring the corre-
sponding optical spectra, time-domain waveforms, autocorrelation traces, and ra-

dio-frequency spectra.
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1. Introduction

Optical processing based on individual spectral line control of a mode-locked laser, which is
named as “line-by-line pulse shaping”, is very attractive for arbitrary waveform generation, optical
CDMA (code division multiple access), microwave photonics, etc. [1-3]. Simple examples of
applications of the line-by-line pulse shaping are spectral intensity coding or filtering of
low-speed mode-locked lasers for repetition rate multiplication. When compared with other
repetition-rate multiplication methods, spectral filtering is inherently simple. We have earlier
studied a simple spectral filtering of a mode-locked spectral comb using a high-finesse
Fabry—Perot etalon filter and have successfully generated 40 GHz and 100 GHz pulse trains from
a 10 GHz mode-locked laser [4]. One of imaginable disadvantages of the etalon filtering method
is a lack of flexibility. At the same time, the method to be suggested in the present work is sim-
ple like the spectral filtering scheme used in the study [4] and, in addition, reveals much greater
flexibility.

A simple line-by-line spectral intensity coder built here is based on a reflective geometry [5].
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For simplicity we have employed a single fibre-pigtailed collimator, removing an additional
large beam expander used in Ref. [6], though we can still achieve high enough resolution for the
line-by-line spectral coding of a 10 GHz spectral comb. In addition, we have used a low-cost
mask for spectral intensity coding, instead of expensive liquid-crystal modulator arrays used in
the other works [5—7]. The two-dimensional pattern of the intensity mask has enabled us to select
different sets of slits of which spacing is determined by the spectral position of a repetition-rate
multiplied pulse train. In this way the scheme suggested can have reasonably good performance
and more practical flexibility than the other spectral filtering configurations, e.g. the etalon fil-
tering. Note that the scheme based on a fixed mask is much simpler than a similar scheme based

on liquid-crystal modulator arrays [6].

2. Experimental setup

Our experiment setup is shown in Fig. 1. A 10 GHz spectral comb generated from a
mode-locked fibre laser is spectrally coded (for filtering) by a spectral line-by-line intensity
coder. The coded output is amplified and measured by an optical spectrum analyser (a 0.07 nm
resolution), an intensity autocorrelator, a 40 GHz sampling scope, and a RF spectrum analyser

(0-25 GHz) coupled with a 26 GHz photodetector.

Line-by-line .
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Fig. 1. Experiment setup (EDFA means erbium-doped fibre amplifier, OSA an optical spectrum

analyser, and RFSA a radio-frequency spectrum analyser).
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Fig. 2. Schematic diagram of our reflective line-by-line intensity coder (PC is a polarisation controller).
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Fig. 2 shows a schematic diagram of line-by-line intensity coder suggested by us, in which
a fibre-coupled Fourier-transform pulse shaper is constructed in a reflective geometry. A fi-
bre-pigtailed collimator expands the input beam to the size of ~9 mm on a 1100 grooves/mm
grating, in order to enhance the coder resolution. Discrete spectral lines of a mode-locked laser
are diffracted by the grating and focused by a lens with 50-mm focal length. A polarisation con-
troller (PC in Fig.2) is used to adjust for horizontal polarisation on the grating. A
two-dimensional intensity mask of slits with different slit spacings is placed in the focal plane of
lens to pass or block individual spectral lines. Details of split spacing and/or mask design will be
discussed later.

Fig. 3 shows schematically a two-dimensional mask pattern and transmitted optical comb
spectra corresponding to the individual slits. Here white bars represent the transparent slits and
black parts correspond to the opaque regions. Due to Fourier-transforming properties of combi-
nation of the grating and the lens, the individual mode-locked spectral comb lines line up hori-
zontally in a row of the mask. By moving the mask vertically, we can select a specific slit pattern
for spectral intensity coding. For example, if the first row is selected, all of the spectral lines
would pass through the mask. When the second column is selected, some other spectral lines
would pass. This results in the spectral spacing of the passed signal becoming exactly twice the

input spacing. The latter
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Fig. 3. Schemes of two-dimensional mask pattern (left) and

vides double-pass geometry
transmitted optical comb spectra (right).
and all of the spectral lines
transmitted through the mask are recombined into a single fibre and separated from the input via
an optical circulator. The total loss inserted by an input circulator port 1 to an output port 3 is

about 8.5 dB. In view of the insertion loss, a weak signal should be amplified by an er-
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bium-doped fibre amplifier (EDFA in Fig. 1) for easy measurements of its characteristics, such
as autocorrelation traces.

Basing on the Fourier transforming property of the spectral coder shown in Fig. 2, one can
get a relationship between the wavelength difference (A1) and the spectral line spacing (Ax) at
the focal (or mask) plane for the first-order diffraction at the grating. Assuming that the horizon-
tal direction at the mask plane is given by x axis, one arrives at the following spectral slope

(AA/Ax) at the mask plane:

where d is the grating constant, 6, the diffraction angle, and f'the focal length of the lens. For the
grating of 1100 grooves/mm, the lens of 50 mm focal length, and the diffraction angle of 52°, the
spacing between the 10 GHz (0.08 nm at 1.55 um) spectral lines at the mask plane becomes

72 um. Based on this value, we can fix the width and/or the spacing of the mask pattern slits, as

shown in Fig. 3.

3. Spectral resolution and mask pattern design

Now we obtain the beam radius w, at the mask plane,

Af cosb,
wy = 2L 8% )
w; cos O,

where /A is the light wavelength, 6; the angle of incidence at the grating, and w; the incident beam
radius. We define the beam diameter, 2w, as a spectral resolution of the coder.

With our experimental parameters (4=1.55pum, w;=9 mm, f=50cm, 6,=52° and
6; = 66°) we get the beam diameter 2w, equal to 37 pm. From the relationship given by Eq. (1),
we then obtain the spectral resolution of 5.2 GHz. Notice that the above resolution is still insuf-

ficient for controlling individual 10 GHz spectral lines.

In order to confirm the reso-

lution and the spacing between 10
GHz spectral lines calculated here,

a bare fibre tip coupled with an

-]
n

optical power meter has been

Intansity(a.u.)

placed at the mask plane (see

e o e Fig. 2). The output power coupled
Position(um) into the fibre tip has been recorded
Fig. 4. Intensity distribution at the mask plane obtained for a as a function of horizontal transla-

monochromatic input of the coder. tion (along the z axis). To find the
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spectral resolution, we have injected monochromatic light into the coder and measured the inten-
sity distribution at the mask plane, as shown in Fig. 4. The beam width measured at a 1/¢* power
point is ~ 50 pm, thus corresponding to the spectral resolution of ~7 GHz. As we think, the
beam width larger than its calculated value originates mainly from the resolution of the measur-
ing system (~ 10 pm) and possible errors of the alignment.

Now we replace the monochromatic source by a 10 GHz mode-locked comb source and
perform similar measurements. Fig. 5 shows the results, which confirm that the spacing between
the 10 GHz spectral lines is ~ 72 um. This spacing agrees well with the calculated one. To check
the accuracy of our system, the input optical spectrum measured by the optical spectrum analyser
(Anritsu Model MS9710B; the resolution of 0.07 nm) has been mapped onto the figure (red line).
The both traces are well agreed in shapes, showing that the spectral comb lines are ready to be

coded by a given mask pattern.
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Fig. 5. Intensity distribution measured at the mask plane when a mode-locked comb source is
applied at the coder input (a). For the sake of comparison, figure (b) shows the corresponding

input spectrum measured by the optical spectrum analyser.

Basing on the experimental measurements, we can fix the detailed dimensions of the mask
pattern shown schematically in Fig. 3. The width of 72 um for the transparent slits is sufficient to
pass on almost all the power from a given spectral line and block any power from the unwanted
spectral lines. The spacing between the slits is an integer multiple of 72 um (i.e., the spacing
between the fundamental 10 GHz spectral lines), as shown schematically in Fig. 3. Here the in-
teger is determined by the pulse repetition rate factor intended. For instance, it becomes twice

72 um for the 20 GHz train, three times larger than 72 um for the 30 GHz train, and so on.

4. Experimental results and discussions

As we have already mentioned, a mode-locked laser output of 10 GHz is characterised by evenly
spaced discrete spectral lines (an optical frequency comb) with the frequency spacing equal to the
pulse repetition rate at 10 GHz. The intensity mask in the Fourier-transform plane of the
line-by-line intensity coder transmits the spectral lines among the 10 GHz comb which are coin-

cide with the transparent slits and it blocks (i.e., filters out) the unwanted spectral components
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which fall into the opaque regions. This simple spectral filtering of the 10 GHz spectral comb

generates a new spectral comb with the spacing of an arbitrary integer multiple of 10 GHz. Even if

careful adjustment for matching the spectral line positions and the mask slits is required, we can

get reasonably good results (see some of them in Fig. 6). Fig. 6 proves successful generation of

repetition-rate multiplied pulse trains (from 20 GHz to 100 GHz, with a 10 GHz step) using

spectral filtering by the coder. A slight deformation of the transmitted spectrum and some resid-

ual power in the removed spectral components are observed due to mask-patterning errors and

misalignment between the spectral comb and the mask slits. A similarity of the spectral envelopes

observed on the input and output confirms that the individual pulse shapes remain almost same

after the repetition rate multiplication.
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To inspect quality of the pulse trains generated, we have measured the autocorrelation traces

of the filtered outputs (see Fig. 7). As expected, the pulse period is reduced from 100 ps to 50,

33.3,25,16.7, 12.5 and 10 ps, respectively. The traces also testify that both the input and output

pulse widths are almost same, as expected for the spectra envelopes shown in Fig. 6. In this way

we can reconfirm that the pulse trains from 20 GHz to 100 GHz are successfully generated from

the 10 GHz comb source, owing to simple spectral filtering based on our line-by-line spectral

intensity coder.
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Fig. 7. Autocorrelation traces for (a) 10 GHz (input),
(b) 20 GHz, (c) 30 GHz, (d) 40 GHz, (e) 60 GHz, (f)

80 GHz, and (g) 100 GHz trains.
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Finally, we have measured directly the time traces for the 10 GHz input and the outputs rang-

ing from 20 GHz to 40 GHz, using a 40 GHz fast sampling scope (see Fig. 8). Again, reasonably

stable 20, 30 and 40 GHz pulse train generations are confirmed. We believe that a slight enve-

lope modulation present at 10 GHz comes from residual spectral components and a spectral en-

velope distortion shown in Fig. 5.
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Fig. 8. Sampling scope traces for (a) 10 GHz (input), (b) 20 GHz, (c) 30 GHz, and (d) 40 GHz pulse trains.

(48}
y

Powar
s
o

momm M""JM

Powar

(dBm)

0
20
40
60 ; -
10 20 25
Frequency (GH2) (b)
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For checking the amount of the residual 10 GHz component in the repetition-rate multiplied
waveforms depicted in Fig. 8, we have detected the pulse trains with a fast detector and exam-
ined their radio-frequency spectra. For a comparison, we have kept almost the same optical
power level at ~ 0 dBm for each waveform (Fig. 9). Here, the radio-frequency spectrum has been
measured up to 25 GHz, the limit of our measurement facilities. The 10 GHz input pulses show a
clear 10 GHz component and its second harmonic, as shown in Fig. 9a. For the 20 GHz train, the
10 GHz component is negligible (~ 28 dB lower than the 20 GHz signal — see Fig. 9b). The lev-
els of suppression for the 10 and 20 GHz components in the generated 30 GHz pulse trains are
similar (see Fig. 9¢). The fact of sufficient suppression of the 10 GHz component in both the 20

and 30 GHz trains proves a stable repetition-rate multiplied pulse train generation.

5. Conclusion

We have built a simple and cost-effective line-by-line spectral intensity coder with the resolution of
~7GHz at 1.55 pum. It utilises a grating, a collimating lens, an intensity mask, and a
retro-reflection mirror. Basing on spectral filtering capability of this spectral intensity coder, we
have experimentally generated multiple tens-of-GHz pulse trains at 20 — 100 GHz (with the
10 GHz step) from a mode-locked 10 GHz laser. For spectral filtering, a simple and easily made
intensity mask has been employed, which is placed in the Fourier-transform plane of our intensity
coder. The quality of the high-speed pulse trains generated has been examined by measuring the
optical spectra and the autocorrelation traces. Both the measurements have proved successful gen-
eration of the repetition-multiplied pulse trains, showing good suppression of the unwanted spec-
tral lines and clear dips between the pulses seen in the autocorrelation traces. However, there has
been a slight mismatch between the spectral line positions and the mask patterns that lead to some
spectral envelope distortion and unwanted residual power of the transmitted signal spectra. The
quality of the repetition-multiplied outputs has been examined in detail using the measurements of
direct time traces and the corresponding radio-frequency spectra. Relatively clean sampling scope
traces reconfirmed a fact of stable high-speed pulse train generation. The radio-frequency spectra
have testified a suppression of 10 GHz component greater than 28 dB for both the 20 and 30 GHz
pulse trains. It is also worthwhile that our technique is ready for applications when generating

other high-speed pulse trains.
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Anomauin. Y pobomi 3anponoHo8ano NOPIGHAHO NPOCMUL CNEKMPANbHO-TIHIUYamui Kooep
inmencusHocmi 3 posoinenusm 4 I'Ty na Ooeocuni xeuni 1,55 mxm, y sAKomy SUKOPUCTHAHO
IPAmKYy, KOAMAYIUHY JH3Y Ma MACKy IHmMeHcugHocmi. J[isi epebinuacmoeo cnekmpy 3 nepiooom
10 I'Ty i cunxporizayicio Moo Mu eeHepysanu 00601 cmabiibHuil yyr imnynscis i3 kpokom 10 I'Ty
i wupunoro 20 — 100 I'Ty. Xapakxmepucmuku 2eHepo8ano2o yyry iMnyibeié 00CHOICEHO ULISXOM
BUMIDIOBAHHS ONMUYHUX CREKMPI6, POpMU CUSHATIS, A8MOKOPeNAYIUHUX CII8 [ padiouacmom-

HUX cnekmpis.
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