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Direct Space-to-Time Pulse Shaping at ArB
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Abstract—We present a novel direct space-to-time pulse shaper, tion in the pulse shaper, and continuous optical pulse sequence
operating in the 1.5¢:m optical communications band which en- generation at rates of 100 GHz enabled by our apparatus.
ables generation of continuous optical pulse sequences at a rate of Previous work in our group [1], [5], [6] performed at

~ 100 GHz. The apparatus includes several novelfeatures,suchas_r._ hi | th hil idi the fund tal
the use of a diffractive optical element for spatial patterning, fiber I.sapphire waveliengtns, whnile providing the fundamenta

coupled input/output, and a telescopic configuration which collec- description of the pulse shaping apparatus on a femtosecond
tively enable generation of nearly equal amplitude optical pulse se- time scale, also exhibited several areas which could be fur-

quences over a time aperture in excess of 100 ps. We also present aher engineered to enhance the overall system performance,
mathematical description of the temporal and frequency modula- 4 ticylarly in the areas of pulse-shaping time aperture and
tion behavior of our apparatus, in addition to continuous 100-GHz o .
optical pulse sequences generated in our system. equallzqnon of pulses in Fhe pl_JIse-sh_aper output. Fgr example,
the available pulse shaping window in these experiments was
limited to ~ 40 ps, as determined by the spatial patterning and
sampling slit used in the shaper. Here, through a telescopic
approach, we extend the pulse-shaping time aperture to greater
|. INTRODUCTION than 100 ps, allowing compatibility with high-repetition-rate

ECHNIQUES for generation of high-rate arbitrary opSOUrces of compargble pulse period [7] and enabling us to move
T tical pulse sequences could benefit many appIicatioF@’Vard the genergpon of continuous puI;e sequences at rat(_as of
including coherent control, optical communications, opticat 100 GHz. Additional novel features, including advances in
computing, and microwave photonics. Specifically, for optic&lpat'al patterning and re_duct|0n of polarization dependerjce,_ are
communications applications, e.g., optical packet generatiGisC demonstrated. While we have demonstrated applications
direct space-to-time pulse shaping [1] has been demonstraf&Qur npvel pulse shaper tq arbitrary m|I.I|meter—wave electro-
to be a straightforward procedure by which to generate the®@gnetic waveform generation [8], [9], this work represents the
pulse sequences. In this paper, we present recent advarlféscomprehensive description of the pulse-shaping apparatus

in direct space-to-time pulse shaping in the fr-optical Self. _
communications wavelength band. In Section I, we describe our 1/&m DST pulse shaper and
Initially demonstrated by Froehlgt al. with picosecond the novgl features allowing generatipn of nearly equal ampli-
pulse durations [2]-[4], direct space-to-time (DST) puls@de optical puIseisquen_ces overatime aperture ofgregterthan
shaping was brought into the femtosecond regime by Leait§0 PS. Included in this discussion will be our new spatial pat-
and Weiner [1] in the latter half of the 1990s. Thorougt™MINg technique and a brief description of the diffractive op-
analysis of the pulse-shaping apparatus has been performed¥l €léments used as the basis for our spatial patterns. The
generation of high-rate optical pulse sequences at Ti:sappHf@Ior system changes—the inclusion of a telescope within the
wavelengths has been demonstrated [1], [5]. Chirp control f!Se shaper and fiber coupling of the system—uwiill be treated
the apparatus has also been presented [6]. In this work, Wéthematlcally in S_gcuon i and supporting e>_<pe.r|mental data
present our recent experiments in DST pulse shaping in twg_l be shown. Additionally in Se_ctlon I, we WI|| discuss new
1.5um lightwave band. Here we introduce, for the first tim&hirP behaviorand control resulting from the fiber-coupled tele-
to our knowledge, a novel DST pulse shaper operating in tREOPIC configuration. In Section IV, we will present generation

lightwave communication band in a fiber-coupled configuratioff 100-GHz optical data from our DST shaper, and in Section V
allowing generation of optical pulse sequences over a i€ Will conclude.

aperture> 100 ps. We present a theoretical description of the
system operation, a novel technique for spatial pattern genera- |l. TELESCOPICFIBER-COUPLED DST RULSE SHAPER

The goal of DST pulse shaping is the generation of repro-
Manuscript received June 30, 2003; revised August 24, 2003. Thggammable high-rate optical pulse sequences. Fourier transform

work is supported by or in part by the U.S. Army Research Office undergmse Shaping [10] is a Commomy accepted method for gen-
Contract DAAD19-00-0497, the National Science Foundation under Grant

0100949-ECS, and by Intel. The work of D. S. Seo was supported by the Ko%@tmg nearly arb'trar'ly shaped _Op“ca| waveforms, 'nC_IUdmg
Science and Engineering Foundation under Grant R01-2000-000-00249-0 high-rate pulse sequences. Despite the success of Fourier trans-

the Integrated Photonics Technology ERC, Inha University, Korea. form shaping, however, the method suffers from the complexity
J. D. McKinney and A. M. Weiner are with the School of Electrical and Com-

puter Engineering, Purdue University, West Lafayette, IN 47907-2035 USQ\f CaICUIatmg the requisite Fourier transform when generating

(e-mail: mckinnjd@ecn.purdue.edu). high-rate pulse sequences in real time. This complexity is re-

D.-S. Seo is with the School of Electrical and Computer Engineering, Purdgg¢oved in DST pulse shaping where there exists a direct map-
University, West Lafayette, IN 47907-2035 USA, on leave from Myongji Uni-_. . . .
versity, Korea. ping from a spatially patterned short-pulse input to the time-do-

Digital Object Identifier 10.1109/JQE.2003.819542 main optical waveform. Functionally, the DST shaper acts as

Index Terms—Optical packet generation, pulse shaping, space-
to-time conversion, ultrafast optics.

0018-9197/03$17.00 © 2003 IEEE



1636 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 39, NO. 12, DECEMBER 2003

Single Pulse DST Pulse Shaper Optical Pulse
Input E Sequence
™ Optical
—> E —»| Parallel -to-Serial || ——> “ ’\ ’\ ‘\ ’\
™ Converter ) )
O Directly scaled versic
O

of input spatial patter

—

Spatial Light
Modulator

Fig. 1. Optical parallel-to-serial conversion in the DST pulse shaper. The pulse-shaper temporal output is a directly scaled version of aattpatiatly p
short-pulse input.
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Fig.2. The 1.5aem telescopic fiber-coupled DST pulse shaper. Our pulse shaper includes fiber-coupled input/output and use of DOESs to achieve spatial patterning.
A telescope has been added after the basic DST pulse shaper to broaden the achievable pulse-shaping time aperture.

an optical parallel-to-serial converter for a spatially patternede demonstrate the apparatus illustrated in Fig. 2. The output
short-pulse input as illustrated schematically in Fig. 1. The terfrom an erbium fiber laser—either a passively mode-locked
poral output of the shaper is controlled through simple manipseurce producing- 100-fs pulses at 50 MHz [11] or a 10-GHz,
lation of the applied spatial pattern at the pulse-shaper inputl-ps actively mode-locked source [7]—is collimated with a
In this work, we demonstrate significant improvements updiber-pigtailed collimating lens and used as the input to our
the basic grating—lens—slit implementation of the DST pulsystem. After collimation, the short-pulse input beam is spa-
shaper. In previous work, the pulse-shaping time aperture is litially patterned via a diffractive optical element and subsequent
ited by the finite size of the slit used to sample the pulse shagratial mask and the resulting spatial pattern is used as the
output and the free-space system is not easily compatible withise-shaper input. A 600-I/mm low-polarization-dependent
optical fiber-based systems. Additionally, the use of an ampless (PDL) diffraction grating and 15-cm focal length achromat
tude mask and cylindrically focused input beam led to roll-oféns form the basis for the pulse shaper. The use of a low
effects in the measured temporal output of the pulse shaper. RRL diffraction grating in the system reduces the system PDL
have included several novel features in our current DST pulse~ 0.1 dB. This enables the pulse-shaping operation to be
shaper to address these concerns. achieved without the need to explicitly control the polarization
We have moved this work to the 1/6n optical commu- of the system input. This is an attractive feature given the po-
nication wavelength band, where a variety of fiber-basddrization-modifying behavior of the single-mode optical fiber
sources are available to be used as the input to our pulse shagmmprising the source, amplifiers, and measurement apparatus
Specifically, we aim for an apparatus compatible with high-refn our system. A 4 telescope is inserted between the output
etition-rate sources, such as picosecond sources operatinglatne of the basic DST shaper and the output single-mode
10 GHz, which will allow generation of continuous opticabptical fiber which replaces the thin slit used in previous work
pulse sequences at rates in the 100-GHz range. To this €ddl, [5], [6]. The high-rate optical pulse sequences from our
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Fig. 3. Spatial profilometer measurements of representative DOE patterns, just prior to the diffraction grating in our apparatus. (a) Eitétrsifio) Nane-spot
pattern. (c) Ten-spot pattern. (d) Eleven-spot pattern. The spatial patterns of (a) and (c) utilize the odd-order diffraction spots from thee[pafenshof
(b) and (d) utilize the even-order diffraction spots of the DOEs.

apparatus are measured via intensity cross correlation with a
reference pulse directly from the input laser source.

Since the temporal output of the shaper is a directly scaled
version of the applied spatial pattern at the input to the pulse
shaper, any variation in the applied input pattern is exhibited by

(a)

the output temporal waveform. When an amplitude mask is used m 3 : “5 s m
to pattern a cylindrically focused Gaussian beam [1], [5], [6], Position (mm)

the temporal waveform from the pulse shaper clearly shows a
Gaussian roll-off due to the Gaussian nature of the illuminating
input beam. In addition, any portion of the input beam which is
blocked by the mask results in decreased system throughput. To
achieve nearly equal-amplitude temporal features and increase
the patterning efficiency of our pulse shaper, spatial patterning
is now accomplished using diffractive optical elements (DOES) 50 40 30 20 10 0 10 20 30 40 50
[12]. These devices provide periodic spatial patterns which are Time (ps)
further manipulated using an amplitude mask, allowing eithgr ) . ) .
. . . ig.,4. Example of space-to-time mapping. (a) Ten-spot spatial pattern just

periodic optical pulse sequences or optical data to be gener re the diffraction grating. The spot-to-spot spacing i%.5 mm. (b) Optical
in the pulse shaper. cross correlation of the DST output for the pattern shown in (a). Given the

Our DOEs (custom devices, INO, Quebec, Canada) are H?_ace-to-time conversipn constar_]tref 3.1 ps/mm and the spatial pattern

. L above, the result is & 92-GHz optical pulse sequence.

nary, phase-only masks designed to divide the power from a
single input beam equally into multiple output beams. These
DOEs function as one-dimensional (1-D) spot generators aattributed to an error in phase step. If so desired, this spot may
produce patterns ranging from 8 to 21 spots, providing a viae attenuated to decrease the intensity to a level equal to that of
riety of input patterns for our pulse shaper. Examples of sevethé other spots in the pattern.
DOE patterns are shown in Fig. 3. The patterns of Fig. 3(a) andAs is clearly illustrated, the DST shaper input consists of a
(c)—eight and ten spots, respectively—are generated from sexies of nearly equal-intensity spots, effectively removing the
odd-order diffraction spots of the DOE. The small zeroth-ordéime-aperture effect. Subsequent to the DOE, individual spots
diffraction spot atc = 0 is most likely due to an error in phasein the periodic patterns may be blocked to create optical data
step in our elements and can be blocked from the pulse-shapackets or otherwise desirable input patterns. Fig. 4 clearly illus-
input if so desired. Alternatively, patterns based on the evénates the mapping from space to time. The bottom trace shows
diffraction orders may be used, as illustrated by the nine atite pulse shaper output which consists of a series of ten pulses at
eleven spot patterns of Fig. 3(b) and (d). In these patterns, th&92 GHz as determined by the space-to-time conversion con-
slight amplitude difference in the zeroth order= 0) is again stant of~ 3.1 ps/mm and the~ 3.5-mm spot spacing in the
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L L L3 pulse-shaper output, as expressed in [1], for a DST shaper
constructed with an arbitrarily shaped output &lit:/z,)

€out (t) o € (t)*

N a? 21z,
[m <_;t> exp <— 72w2t2> A <,y)\f1t>} (@

Pl P2 P3 P4 P5 PG PT P8 P9 P In this expressiong;, (¢) is the short=pulse input to the system,

m(—at/v) is the applied spatial input pattern evaluated as a

Fig. 5. System used for diffraction analysis. The primary planes of intereginction of time, the Gaussian exponential term represents the

f‘;gr%cgcgi 11 which represent the DST shaper and telescope output planggansity distribution of the Gaussian beam to which the spatial
pattern is applied, and\(2rz,t/y\f1) is the spatial Fourier
transform of the slit function evaluated as a function of time.
Here, the width of the applied spatial pattern is determined by

input pattern. The optical pulse sequence of Fig. 4(b) clearly the width of the Gaussian exponential)@ndz, allows scaling

lustrates that the Gaussian temporal roll-off, previously incurr&d the slit function width. The astigmatisna and dispersion

when amplitude masking a Gaussian beam to achieve spaftialof the diffraction grating are given by

patterning [1], [5], [6], is removed when a DOE is used for this

N
1
l

. cos b;
operation. = ‘ (2)
. . . . cos By
Our new spatial patterning technique removes time-aperture A\
effects due to Gaussian illumination of an amplitude mask in V= eosts 3)
d

previous work and increases the system patterning efficiency.
We will now describe the effects of fiber coupling the pulsewherel is the system center wavelengtlis the speed of light]
shaper output and how inclusion of a telescope after the puiséhe period of the diffraction grating, afg 6, are the incident
shaper allows us to take full advantage of the equal-intens@fd diffracted angles of the system input beam, respectively. The
spatial patterns generated by our diffractive optical elemengface-to-time conversion constapt is then

Combined, these features allow us to move toward generation ~ A ps

of equal-amplitude optical pulse sequences over a time aperture - = (—) . (4)

> 100 a  cdcosf; \mm
Z ps.
For our system,A = 1550 nm, d = 1.67 um, and
6; = 12° resulting in a space-to-time conversion constant

I1l. M ATHEMATICAL DESCRIPTION OF THEDST

of v/a = 3.1 ps/mm.
PULSE-SHAPING APPARATUS

In the mathematical treatment of [1], the focus is on the
While the basic grating-lens-slit DST pulse shaper has beiéterplay between the duration of the applied spatial pattern
analyzed previously, the inclusion of a telescope after tgé determined by the width of the Gaussian in (1) and the
shaper warrants reanalysis of several items of interest, namg?e-aperture defined by Fourier transform of the sampling slit,
the pulse shaping time-aperture and frequency modulatidf27ot/7Af1). From an efficiency standpoint then, the width
(chirp) behavior of the apparatus. To mathematically explaﬂ‘f the slit should be cho;en to.allolw_ generaupn of the dgswed
the effects of the additional telescope and fiber coupling of gaveformm(—at/v), while maintaining the highest possible
shaper output, a diffraction analysis of the system similar to [ }/stem throughput, i.e., the slit is no smaller than necessary.

[13] was performed. In this work, we present only the releva our current work, we aim to generate equal-amplitude pulse

results. The full diffraction analysis is contained in [14]. Fig. sequences which span a fixed t|me_a_perture_40100 PS. _By
ni1r;‘:)loy|ng DOEs to perform the requisite spatial patterning, the

shows the relevant system components and distances usea . . - . . ;
Y P -Gaussian amplitude variation of the spatial pattern is effectively

the diffraction analysis of our current system. We will beglrr1emoved. Thus, the Gaussian in (1) is removed, and the spatial

this section with a discussion of the pulse shaping time-aperttér)((ntent of the input pattern is included in(—at/~). Taking

which rigorously includes both the telescope following thg.,. . .0 -~ ount the time-domain output of the DST pulse
shaper as well as the fiber coupling of the shaper output. \é/ﬁaper is given b’y

will then turn to the frequency modulation capability of the

. . . . . 9nz,
apparatus and discuss novelties arising due to the inclusion of cout (£)  ein (£) % |m EEADYELCIAY )
the telescope. gl YAf1

For equal-amplitude pulse sequences, provided the correct
spatial pattern is applied to the pulse shaper input, the available
pulse-shaping time-aperture is effectively determined by the

Both the spatial extent of the user-defined spatial pattesize of the slit used to sample the pulse-shaper output. Thus,
applied to the pulse-shaper input and the size of the slit usedachieve equal-amplitude pulse sequences from the pulse
to sample the shaper output equally affect the achievalsleaper, the time-aperture effect of sampling the pulse-shaper
pulse-shaping time aperture. To illustrate this, consider tbetput must be minimized.

A. Fiber Coupling and Pulse-Shaping Time Aperture of the
Telescopic DST Pulse Shaper
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—— Optical Cross-correlation our current shaper a single-mode optical fiber, defines the spec-
— — Gaussian Fit tral resolution in this spectrometer. As the spectral resolution
1 degrades, the available pulse shaping time aperture decreases.
This can be visualized as spectrally slicing the short-pulse input
/ \ to generate a longer output pulse from the apparatus—the nar-
rower the sampling slit, the higher the spectral resolution, and
the broader the pulse shaping time aperture. If we desire to in-
\ crease the pulse-shaping time aperture (increase the spectral res-
/ \ olution of our spectrometer), we need to either increase the size
of the spectral features at the pulse-shaper output or decrease
the fiber mode size. In practice, it is easier to achieve the former
by either changing the pulse-shaping lefhs {n Fig. 5) or by
' - o adding a telescope between the DST shaper and the output fiber.
-100 -50 0 50 100 To illustrate this, take the spectrum of the pulse shaper, prior to
Time (ps) fiber coupling (planePs in Fig. 5), given by

Intensity

Fig. 6. Optical pulse sequence, spanniag 120 ps, clearly showing the ) 27 7
limited pulse-shaping time aperture due to the finite fiber mode size. The Eout (x,w) x Ein (w) M )\flax aw ) ©)
dashed curve is a Gaussian fit to the data exhibiting a68-ps intensity ) ’ ) ]

FWHM. Here, E(w) is the spectrum of the short-pulse inpdt/ is

the Fourier transform of the applied spatial pattenn and
Since we have replaced the variable slit used in previous wate Gaussian exponential is the Fourier transform of the time
[1], [5], [6] with a single-mode optical fiber, the spatial widthaperture defined by the input beam size. The spectral feature
(z,) of the “slit,” and hence the available pulse-shaping timsize can clearly be increased by increasing the focal lefigth
aperture, are now fixed. To illustrate, we model the single-modé the pulse-shaper lens. This is impractical, however, in that
fiber as a Gaussian withlg'e beam waist equal to the effectivea factor of 4 or more increase in spectral feature size would
mode-field radius of the fiber. Mathematically, the slit functiomequire a focal length of 60 cm or more for our shaper, leading
a(z/z,) and its Fourier transform are now expressed as  to a pulse shaper on the order of 120 cm in length. The same
r 2 increase in feature size can be achieved, with less increase
a (-) =exp < ) (6) in the pulse-shaper dimensions, if a telescope of appropriate
.l 2.2 r_nagnific_ation is placed between the pulse shaper and the output
A <—°t> =exp <—272°2t2> . (7) fiber. Toillustrate the effect of the telescope on the pulse-shaper
YAfL VA output, reconsider Fig. 5. The telescope, the portion of the
The intensity full-width at half-maximum (FWHM) of the system between plarfé and planeP;;, is now included in the
pulse-shaping time aperture, as determined by the finite fibgiffraction analysis. For those familiar with field calculations
mode size is then determined from the exponential of (7) to hgilizing the Fresnel diffraction integral, it is clear that the
>\ distancesls, d3 anddy, ds do not need to be treated separately.
T'=v 2111277“]:1' (8) In our analysis, these distances have been treated separately
When evaluated using our system parameter of 15 cm, to fa_cilitate gxpressing the fields in the.system as a ;eries of
A = 1550 nm, d = 1.67 um, §; = 12°, andz, = 5.25 um the spatial _Eourler transforms and quadratic phases arising from
the position of each lens in the system. In the case of a perfectly

predicted pulse-shaping time aperturdisz 76 ps. ; ) ) _
To illustrate the effect of the fiber mode, consider Fig. 6. 13igned telescope, the only effect is a spatial scaling of the
at the telescope input. In this case, the spectrum after the

this case, a spatial pattern consisting of 12 equal-intensity sp@%d . . . S .
is applied to the pulse shaper input. With a space-to-time cdf.SCOP€, prior to fiber coupling (pla; in Fig. 5), is
version constant of /a ~ 3.1 ps/mm, the temporal output is a ( . fo 2y

series of 12 pulses witha 10-ps spacing, yielding a temporal Eout (#,w) o Ein (w) M T B o a” (10)

duration of~ 120 ps. Ideally, the equal-intensity spatial Sp°t§vhere the spectrum, compared to (9), is clearly reversed and

at the pulse-shaper input should map to equal amplitude pu'§%§led by the magnitude of the telescope magnificafiglys.

in time; however, the outer pulses are clearly seen to be atteRd- .o the effect of scaling the spectrum on the time-domain
ated due to the time aperture of the fiber mode. The measu“-*éq

. . i d, we need only find the field coupled to the fiber by evalu-
intensity FWHM of the data ok 68 ps, found by performing ating the overlap integral between the fiber mode and the field

a Gaussian fit to th_e pulse sequence _data (da_shed curve), Shﬁ) the telescopic DST and take the inverse temporal Fourier
good agreement with the 76-ps duration predicted by (8). To transform

alleviate this time-aperture effect, we place a telescope between )

the output of the basic DST pulse shaper and the single-mode ¢, (t) x ein (t) * [m (_Ef) A (é 27, f)} LA

fiber, which effectively broadens the time aperture due to the v fsvAfi

fiber by a factor of the telescope magnification. Several items of interest are contained in (11). First, the addition
In a general sense, the DST pulse shaper behaves as a spitie telescope does not affect the space-to-time mapping. The

trometer with a short-pulse input [1]. The size of the slit, or irelation between space at the input and time at the output is still

2

To °
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—— Optical Cross-correlation lenses may also lead to a spatial phase curvature. This enables
— — Predicted Temporal Window us to tune the applied frequency modulation by positioning the
T T~ system lenses appropriately. In this discussion, we will demon-
_— ~ strate how the inclusion of the telescope provides additional

control over frequency modulation in the system, as compared
to previous work [6]. In addition, we predict previously un-
noticed changes in the pulse-shaping time aperture when the
system is configured to impose a frequency modulation.

U In the above treatment, the pulse shaper was assumed to be in

Intensity

J a zero applied frequency modulation, or “chirp-free,” configura-
tion where all distances in Fig. 5 are set to the appropriate focal
I Iength, i.e.,d1 =dy = fl./d3 = |f2|, dy + d5 B f2 + f3, and

-100 -50 0 50 100 ds = f5. If we now allow some or all of these distances to vary,

Time (ps) we are able to impose a controlled frequency modulation onto
. . _ _the pulse-shaper output waveforms. This behavior is desirable
Fig. 7. Inclusion of a 4 telescope effectively broadens the pulse-shaping, some situations. either to eliminate the effects of a diverging

time aperture of our pulse shaper+40303 ps. L ’ .

or converging input beam to the DST shaper or to impose a con-

trolled frequency modulation onto the temporal output of the

given byt = —vyz/«a. Additionally, the effective size of the I ) . L .
fiber mode has also been decreased by a factor of the invers%?o?per to be utilized in other experiments [15]. Specifically, in

the telescope magnification. This brings the fiber closer to thﬁ's work, we allow the distances, d2.’ a”f?'dﬁ. to var),/’, W'th.
all other distances set to the appropriate “chirp-free” positions

idealé-function slit [1], where the pulse-shaping time aperturgs detailed above. When this variation is included in the anal-

is completely defined by the applied spatial input pattern. If we . . . _ -

now evaluate the fiber mode using the same Gaussian fom%/s%s,dsugject 0 thﬁ cor?dltlom? +ds =2/) dd? L |f.2|' and
6), the pulse-shaping time aperture defined by the fiber is n0\ﬁ+ 5 = fa+ fs the chirp, or requency modu ation in g,
éiv;en by imposed by the pulse shaper is given by

o\
A <é2ﬂxot> = exp ( I3 T, ) . (12) ot

fsvAfi 32N ft _ A a—2+A .f1—d2+A_%.f2—d3+A A f3 fs—de
Here, the time aperture of the fiber mode is clearly broadenedby ~ ¢y2 | R "' f2 " A4, f2 AzpR g2
a factor of the telescope magnificatiggy/ 1>, with the intensity (14)
FWHM window now given by
A where
7= vima2 M (13) 7
f2 Lo Al = (15)
. _ frdy + (2f1 —dy) (f1 — dv)

Fig. 7 shows the effect of the telescope on the system function- 12
ality quite clearly. With a 4« telescope, the window has been Ay = st dz) 7 (16)
broadened t&' ~ 303 ps, enabling nearly equal-amplitude 2 304
pulses over the central 120 ps. We note that there is some 5 = f3 ) (17)
distortion of the pulses occurring later in time. We believe this fs(ds + ds) — dsde

is related to the large diffraction angle (46°) which leads to |n (14), the terma?/R represents the contribution to the fre-
only the central portion of the diffraction grating being exactlguency modulation due to a noncollimated spatial pattern at
a focal distance away from the pulse-shaping Ienswhich is  the input of the DST shaper. In the case of a cylindrically fo-
not included in the analysis. cused Gaussian beam and amplitude mask, this term would rep-
Broadening of the pulse-shaping time aperture is one cleakent the phase-front radius of curvature of the cylindrically
effect of the addition of a telescope after the pulse shaper. Tiaeused Gaussian beam. In our system, this amounts to a se-
chirp, or frequency modulation, of the pulse shaper is also mages of Gaussian spots generated by the DOE where the spot

ified and will now be addressed. spacing varies with propagation distance. This convergence/di-
o vergence has been modeled as a Gaussian beam with a phase
B. Frequency Modulation in the DST Pulse Shaper front given byexp(—jrz?/AR). The termsA;, As, and As

Previous work has shown that, when the DST shaper is are unitless scaling factors arising from the positions of the
propriately configured, the system imparts a quadratic tempopallse-shaping lens, telescope lenses, and output fiber. These
phase, or frequency modulation, onto the output temporal wavepresent a scaling of the spatial frequencies in the diffraction
form [1], [6]. The key is that not only is the amplitude of theanalysis. These scaling factors exhibit a maximum value of 1
applied spatial pattern is mapped to time, but any phase cuien the pulse shaper is aligned in a “chirp-free” configuration
vature—arising, for example, from a converging or divergingnd decrease as the aforementioned positions are changed.
input to the system—is as well. Since it is this quadratic spatial From (14), it is clear that the frequency modulation in the
phase which gives rise to a frequency modulation of the pulssiaper can be controlled through positioning not only the pulse
shaper output, the positions of the pulse shaping and telescepaping lens, but also the first telescope leis &s well as the
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Fig. 8. Frequency modulation in our DST pulse shaper. The curves abdve- 9- Predi_cted broadenjng of the pulse-shaping time aperture as a function
illustrate the imposed frequency modulation as a function of pulse shaping I&§$ulse-shaping lens position.
(L1 in Fig. 5) position and the location of the output fiber.

when the pulse shaper is in the chirp-free configuration (residual
output fiber positionis. Frequency modulation in our apparatu§requency modulation of 0.015 nm/ps) is most likely due to
is controlled by either movement of the pulse-shaping lens or Byinite radius of curvature on the phase front of the applied spa-
movement of the output fiber. Fig. 8 illustrates the imposed fréal pattern and slight misalignments of the pulse-shaping lens
quency modulation as a function of these two positions. Th{&1) and first telescope lend.g).
measurement was performed by generating two pulses, sepahen the pulse shaper is aligned to impose a frequency mod-
rated by~ 90 ps, in the DST shaper and measuring the diffepation on the shaper output, the pulse-shaping time aperture
ence in center wavelengtt\Q\) of these pulses as a functionis predicted to broaden. Consider the intensity FWHM of the
of pulse-shaping lens or output fiber position. The imposed freasic DST pulse-shaping time aperture given by (8). When the
quency modulation, in nm/ps, is then calculated fray90 ps.  pulse shaper is aligned to impose a frequency modulation, as
In this figure, the abscissa is the distance which is varied dividgtentioned above the spatial frequencies in the diffraction anal-
by the respective “zero frequency modulation” or chirp-free pysis are scaled. Thug; is replaced withf; /A;. The intensity
sition. For example, the solid curve illustrates the imposed frEWHM of the pulse shaping time aperture is now expressed as
quency modulation as a function of the grating—pulse-shaping A
lens positiond; divided by the pulse-shaping lens focal length T =22 2
f1- For this curve, the distanc& is subject to the constraint
ds = 2f; — d; and the telescope lenses are positioned such tiet the pulse-shaping lens is moved in either direction from the
ds = |fa|,ds + d5s = fo + f3, andds = f5. In words, the tele- chirp-free position ofl; = d» = f, A; decreases from its max-
scope is perfectly aligned with the output fiber positioned in themnum value of 1 leading to an increase in the width of the achiev-
telescope output plane and the pulse-shaping lens is moved lable pulse shaping time aperture. As the pulse-shaping lens posi-
gitudinally between the diffraction grating and telescope inptibn d; is numerically varied over arange 6ff; < d; < 1.5f;
plane. The dashed line shows the imposed frequency modwiéth d, = 2 f; —d;, while holding all other distances fixed at the
tion as a function of the output fiber positialy divided by the appropriate chirp-free position, the pulse-shaping time aperture
focal length of the second telescope lgigsFor this measure- is predicted to vary fromv 76 to ~ 95 ps FWHM, as illus-
ment, the pulse shaper is aligned with= d» = f1,ds = |f2|, tratedin Fig. 9. Conceptually, this is once again explained using
anddy + ds = f>+ f3. The imposed frequency modulation dughe aforementioned spectrometer analogy. As the pulse-shaping
to movement of the pulse-shaping lens is found to vary mutdns position is varied, the spectral features at the pulse-shaper
more rapidly than that due to movement of the output fiber, asitput are no longer focused at the output fiber; the spectral
is consistent with the inclusion of the telescope. The form &dature size is now larger. Therefore, the output fiber appears
the imposed frequency modulation due to the pulse-shaping lensaller (closer to the ideatfunction slit) and the pulse-shaping
position agrees with that demonstrated previously [6]; howevéime aperture is accordingly broadened. This effect would also
there is now the more slowly varying modulation controlled bige predicted for the far-field, on-axis field of a DST shaper con-
the output fiber position which may be utilized to fine-tune thetructed with an arbitrarily shaped slit; however, in previous
imposed frequency modulation. The decreased sensitivity to therk [1], [13], the time aperture for the DST pulse shaper was
output fiber position is clearly shown by the last term in (14pnly analyzed for the case df = d> = f.
Here, the variation of the frequency modulation with the output While this behavior is clearly predicted from the diffraction
fiber position is clearly reduced by the square of the telescopealysis of the system, measurement of this phenomenon in our
magnification(f3/ f2)2. This is in contrast with the work of [6] apparatus is quite difficult. The simplest measurement of this
where the position of the output slit had the largest effect dwoadening would be to impose a large frequency modulation
the imposed frequency modulation. The small offset from zeto the shaper output and perform a numerical Gaussian fit to

(18)
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the optical cross-correlation measurement of the resulting op-
tical pulse sequence. This is nonideal, however, in that the use (a)
of an optical pulse sequence spanning a00-ps time aper-
ture results in significant spectral broadening. The optical band-
width in our system is limited te- 30 nm by our erbium-doped (b)
fiber amplifiers. Over the specified range of pulse-shaping lens
position, the imposed frequency modulation varies between
+0.3 nm/ps. The result is that pulses in this sequence are mod- ©
ulated near the edge of the optical spectrum and the entire se-
guence is temporally apertured by the optical spectrum of the d WUMM\
amplifiers. In the end, this effect is quite difficult to separate

from the pred_lcted broadening of the pulse-sh_ap_lng time aper- 80 -60 40 20 O 20 40 60 80
ture. Thus, this phenomenon stands as a prediction. Should one

desire to measure this effect in the future, broad-band, gain-flat- Time (ps)
tened amplifiers could be employed to remove spectral tlmlg@. 10. Burst periodic pulse sequences from the DST pulse shaper. (a) Eight
aperture effects. pulses at- 67 GHz. (b) Nine pulses at 76 GHz. (c) Ten pulses at 85 GHz.

(d) Eleven pulses at 96 GHz.

IV. CONTINUOUS 100-GHz OpPTICAL PULSE
SEQUENCE GENERATION

|
I
The intended application for our system, while we have !
demonstrated applications in millimeter-wave and RF signal i
generation [8], [9], is optical packet generation at rates in |
excess of the current commercial single-channel state of the !
art of 40 GB/s. Several techniques with this aim have been I
demonstrated, for example, the interleaving of identical lower ‘
rate (i.e., 10 Gb/s) data streams common in optical time division 150 400 50 © 50 100 150
multiplexing (OTDM) systems experiments [16], [17] and the
use of fiber Bragg gratings [18], [19] to generate high-rate
fixed pulse sequences. These techniques, however, suffer flégn11l. The~ 88-GHz optical pulse sequences. Here, each burst of eight
stict synchronism requirements and lack reprogrammabiliics  85/Ss o one Souee ke g svers 0 e, The e
respectively, when considered for real systems. Generationyasource pulse period and the duration of the optical pulse sequence. Timing
optical data packets spanning a 100-ps frame through DSEr in the source laser is seen to degrade the extinction between neighboring
pulse shaping, when combined with a source of comparalfi¥ses in the optical cross-correlation measurement.
pulse period and high-speed modulator arrays, avoids both
of these concerns. Reprogrammability is addressed througtWhen the passively mode-locked erbium fiber laser [11]
simple changes in the applied spatial pattern to the pulse sha@er 300-fs pulses, 50 MHz) is replaced with an actively
while synchronous operation is ensured through the physicsnebde-locked laser source [7] which provides 1-ps pulses
the pulse-shaping apparatus. In this section, we preset our watka rate of 10 GHz, one could envision stitching sequences
on generation of continuous optical pulse sequences at rateg@fierated from adjacent source pulses together to form contin-
100 GHz, aimed at reprogrammable optical packet generatiamus high-rate optical data. In the simplest case, this amounts
To lay the framework for these experiments, we should cote rate multiplying our 10-GHz source up to 100 GHz. To

sider the operation of the pulse shaper with a low repetition-ralieistrate this concept, consider Fig. 11, which shows an optical
source. When the system input is a passively mode-lockesbss-correlation measurement of a series @-GHz optical
fiber laser ¢ 100 fs pulses at 50 MHz), each source pulse ipulse bursts. Here, each frame of eight pulses is generated from
converted to an optical pulse sequence in the shaper. Thasgingle source pulse, with the boundaries between adjacent
sequences span4a 100-ps time aperture and repeat everyrames delineated by a dashed line.
20 ns as determined by the source repetition rate. Thus, thes€he frames then repeat at the source repetition rate of
are burst sequences and they are effectively isolated in timi@®.GHz. Fig. 11 clearly illustrates several key items which must
Fig. 10 shows several periodic burst sequences generated inlmriovercome in order to achieve truly continuous, high-quality
shaper. Our DOEs, which define the periodic pulse sequencgdical data at rates of 100 GHz. First, there is an obvious
achievable from our shaper, are designed such that the ovestitching error between adjacent frames—for a continuous
sequence duration is fixed at 100 ps—regardless of the 100-GHz pulse train, we need the pulse-to-pulse spacing, as
number of pulses in the sequence. By increasing the numbendl as the frame-to-frame spacing, to be 10 ps. Additionally,
pulses in the sequence, the pulse period decreases, leadintpd¢oextinction between pulses is observed to be less than
a higher pulse rate within the packet, as illustrated in Fig. 16ptimal. We remove the stitching error by changing the spatial
Here, the pulse rate is changed simply by changing the D@iput pattern to the shaper. By replacing the spatial pattern used
used to generate the sequence. to generate the above pulse sequence with one giving pulse

Time (ps)
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rates of 100 GHz, are generated from each source pulse. The optical data is

Fig. 12. Continuous 100-GHz pulse train. Compared to the pulse pur&ditrary within gachfran"!e (dashed lines) and isyepeated atthe source repetition
illustrated in Fig. 11, the stitching error between frames has been minimizke- Incorporation of a high-speed optoelectronic modulator array would allow
through proper choice of the optical pulse sequence duration. AdditionallfProgramming on a frame-by-frame basis.
reduction in the source timing jittex( 200 fs from ~ 1.4 ps) gives 100%
extinction between pulses.

at the somewhat slower rate of 10 GHz, enabling optical data to

o ) be reprogrammed on a frame-by-frame basis. This would allow
sequences exhibiting 10-ps pulse spacing after space-to-tifa@eration of truly independent optical data at rates of 100 Gb/s
conversion, we obtain a continuous 100-GHz optical pulse trajpq beyond, determined solely by the applied spatial pattern and

as shown in Fig. 12. _ density of parallel modulators in the array.
While we believe our apparatus should not contribute any

timing jitter to our pulse sequences, jitter in the source laser
is found to degrade the extinction in the cross-correlation mea-
surements of our pulse sequences. In Fig. 12, the extinction i$Ve have presented a novel direct space-to-time pulse shaper
observed to be 100%, due to minimization of timing jitter in oupperating in the 1.5:m lightwave communications band. Our
10-GHz source, which has been reduced fronh.4 ps to less apparatus generates nearly equal-amplitude optical pulse se-
than 200 fs. The amplitude fluctuations apparent in the pulggences, over a pulse-shaping time aperture exceeding 100 ps,
train of Fig. 12 are artifacts of slight misalignment of the outpuat pulse rates of 100 GHz. A telescopic configuration is used
fiber and are, hence, repeated within each 00-ps pulse se- to broaden the available pulse-shaping time aperture defined
quence (frame) from the shaper. To alleviate these fluctuatidpy the output fiber and time-aperture effects in the spatial
for applications, a more sensitive alignment mechanism for tR@tterning process are removed by the use of a diffractive
output fiber could be used. An additional item of interest igptical element for spatial pattern generation. Incorporation
that the chirp of an individual pulse in these sequences is dd-a 10-GHz source as the system input allows continuous
termined almost entirely by the input laser sourgg(¢) in (5), 100-Hz optical pulse sequence generation. Our apparatus, if
with negligible contribution from the pulse-shaping apparatueombined with high-speed optoelectronic modulator arrays,
Provided the input source is chirp-free, additionally dispersig@®uld allow optical packet generation at data rates of approx-
compensation of these pulse sequences prior to transmissioifnigtely 100 GHz—more than twice the current commercial

V. CONCLUSION

not necessary. single-channel state of the art.
To encode optical data onto this pulse train, we need only alter
the spatial pattern applied to the pulse shaper input. To keep the REFERENCES
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