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Abstract—We present our work in optical generation of Arbitrarily shaped millimeter and microwave waveforms
arbitrarily shaped millimeter-wave electromagnetic waveforms. could find applications in a variety of radio-frequency (RF)
Through a novel techmque, which utl_llzes tailored optical puls_e communications systems, including ultra-wide-bandwidth
sequences from a direct space-to-time pulse shaper to drive UWRB) [5 d ltiol ¢ in additi
a high-speed optical-to-electrical converter, we generate am-( ) [3], secure, and multip e_-access systems, In addiuon
plitude-equalized, arbitrarily phase- and frequency-modulated !0 Other areas such as electronic countermeasures and pulsed
waveforms at center frequencies approaching 50 GHz. In addition, radar. Current electromagnetic arbitrary waveform generation
we demonstrate the extension of this technique to generation of (AWG) technology is, however, limited to the range below
arbitrary electromagnetic waveforms in the low-gigahertz range, 5 GHz. Novel optical techniques for generation of arbitrarily
through dispersive stretching of the pulse shaper output. In the h d elect ti f Id Kably i
dispersively stretched configuration, the duration of our electrical shiaped eleciromagnetic Wa_V9 o.rr_ns cotid remarka y Improve
waveforms is tuned through Simp|e a"gnment Changes in our the current State-Of—the-art n m|”|meter'WaVe and microwave

pulse-shaping apparatus. AWG. Recently, several techniques have been demonstrated

Index Terms—Arbitrary waveform generation, optoelectronics, for generation of narrow-band electromagnetic signals in

pulse shaping, radio frequency (RF) photonics, ultrafast optics. ~ the 1-10-GHz range. A system employing a tunable laser
diode source, electrooptic modulator, and fiber delay lines

has been demonstrated to produce tunable RF radiation from
|. INTRODUCTION 550 MHz —9 GHz through RF interference [6]. In addition,
HE emerging area of microwave photonics, whicl mode-locked laser diode, combined with a wavelength-di-
exploits optical techniques to generate, measure, avigion-demultiplexing technique has been demonstrated to
transmit microwave and millimeter-wave analog data, has sggieduce narrow-band electromagnetic signals, in the 12.4
much growth over the past several years. Various methods #6¥7.2-GHz range, through beating of different longitudinal
photonic analog-to-digital conversion have been demonstrateder modes. This technique also allows individual longitudinal
utilizing several optical-time-division-demultiplexing schemegiodes of the laser to be independently phase- or ampli-
[1], [2] in addition to time-stretching techniques [3] with theude-modulated, allowing arbitrarily shaped beat signals to be
goal of measuring electronic signals in the microwave arggnerated [7]. These techniques, while producing spectrally
millimeter-wave range. Fiber-wireless systems [4] have algire electromagnetic radiation, are narrow-band techniques,
been demonstrated for optical transmission of electrical signalowing modulation of the gigahertz waveforms over many
in the millimeter-wave band. Optical generation of electromagycles of the underlying periodic signal. Recently, a wide-band
netic waveforms in the gigahertz and multiple-tens-of-gigahefghase-modulated waveform in the low (6) GHz range has
range, specifically arbitrarily shaped waveforms, is an area tigen demonstrated through a wavelength-division-multiplexing
warrants further exploration. (WDM) scheme combined with a series of optical delay lines
used to create an optical pulse sequence to drive a photodiode
[8]. This technique, while demonstrating cycle-by-cycle
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Fig. 1. Schematic operation of the DST pulse shaper. A spatially patterned short pulse input is converted to a temporal output, which is a ddeettgieoal
of the applied spatial pattern. The DST shaper essentially performs optical parallel-to-serial conversion.

waveforms. Our technique, based on direct space-to-tinSi“f:"F':uF:‘"Se Sn:’a“:' Spatial Pattern
(DST) optical pulse shaping [10], enables reprogrammab | p— |5

_Diffraction
Grating

cycle-by-cycle generation of arbitrarily shaped phase- ar

frequency-modulated waveforms from 2-50 GHz. While Fiber Collimator

we have demonstrated arbitrary burst [11] and continuol

[12] millimeter waveform generation previously, this work

represents the first all-inclusive picture of our experiments i

photonically assisted millimeter-wave AWG and the extensia \ '

of this technique to tunable electromagnetic waveforms in tt

microwave regime. \ DST Output
This paper is organized as follows. In Section Il, we will Output: Plane

discuss our experimental setup and the basics of the D! F“A’y \ 4x Telescope

optical pulse shaper, which forms the basis for our mil

limeter-wave AWG apparatus. Section Il will present a reviev

of our broad-band burst and continuous millimeter-wav Shaped Temporal

AWG results, in which we generate arbitrarily phase- and fre =~ Waveform OutputA_/UU\

quency-modulated waveforms in the30-50 GHz range. Our

recent experiments in moving this technique to the gigahe

range will be discussed in Section IV, and in Section V, we wi

conclude.

Lens

DST
Pulse Shaper

eration of optical pulse sequences at rates df00 GHz, which span a

iig_.‘ 2. Novel 1.54mDST optical pulse shaper. Our DST shaper enables
mporal window> 100 ps.

a reprogrammable SLM (such as a liquid-crystal modulator or
high-speed optoelectronic modulator array), or the combination
Our work utilizes high-rate optical pulse sequences amd a diffractive optical element that generates fixed spatial
high-speed optical-to-electrical (O/E) conversion to genergtatterns and an amplitude mask as demonstrated here.
broad-band electrical waveforms. These high-rate optical pulseOur novel pulse shaping apparatus is shown in Fig. 2.
sequences are generated in a novel DST optical pulse shapiee output from one of several mode-locked fiber lasers (the
operating in the 1.5%m optical communications wavelengthspecifics of which will be discussed in the following section) is
band. Though not as widely known as Fourier transform (FEpllimated using a fiber-pigtailed collimating lens and forms
pulse shaping [13], DST pulse shaping provides a simpllee short pulse input to our system. This beam is spatially
manner by which to generate optical pulse sequences. Tgaterned using a diffractive optical element (DOE) (custom
basic functionality of the DST shaper is illustrated in Fig. 1. Idevice, INO, QC, Canada), a phase-only mask that functions
contrast to the Fourier relation between the spatial mask aa&l a one-dimensional spot generator. This mask splits the
temporal output in FT shaping, the output temporal waveforgingle input beam intaV output beams with essentially no
from a DST shaper is a directly scaled version of the spatiaks. Our devices have multiple DOEs, which produce patterns
pattern applied to a short pulse at the input of the shaper. Furenging from 8-21 spots on a single substrate. Subsequent to
tionally, the DST shaper acts as a parallel-to-serial converter foe DOE, an amplitude mask is employed to further manipulate
this short pulse input. Changes in the output pulse sequencethese periodic patterns by blocking individual spots. The
induced simply by changing the applied spatial pattern at tpemary application of our DST pulse shaper is generation of
pulse shaper input. This straightforward relationship betwebigh-rate optical pulse sequences for optical communications
the applied spatial pattern and the pulse shaper temporal outgoplications. Looking ahead to high-speed optoelectronic
makes the system ideally suited for optical pulse sequeno@dulator arrays for pattern manipulation, we have chosen to
generation. The spatial light modulator (SLM) shown in Fig. itilize the fixed periodic spatial patterns generated by DOEs.
could be a fixed amplitude mask as in previous work [10], [14T,he fixed pulse timing of the periodic optical pulse sequences

Il. EXPERIMENTAL CONCEPT AND APPARATUS
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Fig. 3. Experimental schematic. Single pulses from a mode-locked laser are converted to pulse sequences in the DST shaper. These opticatgsime sequen
then converted to millimeter-wave electromagnetic signals via a high-speed photodiode which are measured on a 50-GHz sampling oscilloscope.

that result from space-to-time conversion of these patterns is
necessity for high-speed optical communications application:
which require minimal timing jitter in the optical bit stream.

Because we have adopted our DST pulse shaper as the ba:

7
for our arbitrary electromagnetic waveform generation exper- A j\ ﬁ A j\
0 40 20 0 20 40

iments, the correct spatial pattern (and, hence, optical puls
sequence) for the desired electrical waveform must be chosegg 6

through translation to different DOEs on the substrate. The Time (ps)
;patial patterns generated in t.hiS man.ner are then used as ?he4 Burst millimeter waveforms. By taking advantage of the limited
mpUt'to 9‘” pulse shaper, which consists Of_a BOQ'I/mm Ilong(‘:tri(.:al system bandwidth, pulse s.equences consisting of isolated optical
polarization-dependent loss (PDL) telecom diffraction gratingiises are converted to smooth millimeter-wave sinusoids. For example, here
and a 15-cm achromat lens. The thin slit previously used illustrate a~ 4_18-GHZ‘ burst millimeter waveform (solid), sinusoidal fit
sample the pulse shaper output [14] has been replaced VW[?\Shed)’ and driving optical pulse sequence (bottom trace).

a single-mode optical fiber. To appropriately match the pulse

shaper output to the fiber mode, a4elescope has been placed!!- M ILLIMETER-WAVE ARBITRARY WAVEFORM GENERATION
between the DST shaper and the output fiber. Mathematically, Broad-band Burst Millimeter Waveform Generation
the pulse shaper output is the convolution of the input short

pulse and the applied spatial pattern, as follows:

A

60 80

Our first experiments in millimeter-wave AWG [11] involve
the generation of arbitrarily shaped broad-band burst electro-
magnetic waveforms. In these experiments, the source laser is
a passively mode-locked erbium fiber laser which provides

i i i ) ~ 300 fs pulses at a rate of 40 MHz. Each pulse from the
In this expression;;, (¢) is the short pulse inputand(—at/7) ~ sqrce is converted to an optical pulse sequence spanning a
is the applied spatial pattern evaluated as a function of tm’tﬁne aperture> 100 ps in the DST shaper and converted to

The space-to-time conversion constant in picoseconds per IB\l\'electromagnetic waveform by the high-speed photodiode. A

limeter is given by ~ 48-GHz sinusoidal burst generated in this manner is shown
5 A in Fig. 4.
o deost: (2 Here, we have applied a series of six spots to the pulse shaper
' input. The spatial period of 6.7 mm for this pattern yields a
where )\ is the system center wavelength (1558 nmjs the series of six optical pulses at the pulse shaper output with a pulse
speed of lightd is the period of the diffraction grating (1/600rate of~ 48 GHz after space-to-time conversion. This sequence
mm), and¥; is the angle of incidencey( 12°) of the input pat- is then used to drive the photodiode. Comparing the optical cross
tern on the grating. These values give a space-to-time convesfrelation of the driving optical pulse sequence (bottom trace)
sion constant of~ 3.1 p¥mm for our system. Our DOEs pro-with the measured electrical waveform, each pulse clearly con-
vide a variety of periodic spatial patterns for use as the inputtigbutes one cycle to the electrical waveform. This48-GHz
our pulse shaper. These patterns, generalB2 mm in length, burst waveform is seen to be a smooth sinusoid, in stark con-
amountto~ 100 ps optical pulse sequences after space-to-tirtrast with the driving optical pulse sequence, and shows excel-
conversion. lent agreement with & 48-GHz sinusoidal fit. Given the map-
The concept of our experimentis to use arbitrary optical pulgéng of one optical pulse to one electrical cycle, we need only to
sequences generated by the DST shaper to drive a bandwidtienge the period of the optical pulse sequence to alter the fre-
limited electrical system. This is shown schematically in Fig. juency of the electrical waveform. This is simply accomplished
Pulses from a mode-locked laser source are converted to alyichanging the periodic spatial input pattern to the DST shaper.
trary optical pulse sequences in the DST shaper. These pulse s&ach cycle of the electrical waveform is generated from a
guences are then converted to millimeter electromagnetic wagaigle pulse from the DST shaper. This enables not only gen-
forms through O/E conversion by a 60-GHz photodiode aretation of periodic waveforms, but also the ability to phase-
are subsequently measured on a 50-GHz sampling oscilloscap®d frequency-modulate these waveforms. For example, con-
Here, the limited bandwidth of the electrical measurement sugieer the periodic waveform of Fig. 4. The six-pulse sequence
presses harmonics in the optical pulse sequences—effectivielyming the basis for this waveform is generated by removing
converting isolated optical pulses into smooth millimeter-waw@very other pulse from & 96-GHz 14-pulse sequence. If the
sinusoids. same sequence is utilized but a portion of the sequence is shifted

Epst o ey () xm (—%t) . Q)
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Fig. 5. ~ 48-GHz phase modulation. The phase of the electrical Waveforﬁig' 6 Millimetgr-wave frequency modylati_on (FM). _The frequency of the
is controlled by altering the temporal position of pulses in the optical pulédectrical is mediated by the pulse spacing in the optical pulse sequence. (a)
sequence. The top trace is the 48-GHz burst waveform of Fig. 4(a). In the ™ 48/24-GHz frequency-modulated burst waveform. Here, the pulse pairs in

lower traces, a phase shift occurs after the second, third, and fourth cycle me driving optical pulse sequence (bottom trace) are of similar amplitude to the

the electrical waveform as determined by the location of an extra 10-ps delay|R9'€ Pulses driving the high-frequency portion of the waveform. This leads
0 an amplitude difference across the measured waveform. (b) Equalized

the driving optical pulse sequence. t . - .
9op P q 48/24-GHz frequency-modulated waveform. Predistortion of the optical pulse

sequence allows individual cycles of the electrical waveform to be equalized

by one pulse, an extra 10-ps delay is introduced at the lo-"dependently.
cation of the shift. After O/E conversion, this amounts t@ a DST )
phase shift at the corresponding location in the electrical wayModelocked »|  Pulse > OIE Electrical

. . Laser Measurement
form. Fig. 5 shows a series of three48-GHz phase-modulated Shaper

waveforms generated in this manner. In the lower three wax ;
forms, an extra 10-ps delay is introduced after the second, thi S l
and fourth pulse in the driving optical pulse sequence, respec- . , N .
. . . . Fig. 7. Tailoring of the electrical waveform. Predistortion of the driving
t'Vely' Thisintroduces & phase shift after the second, third, anGptical pulse sequence based on the electrical measurement allows the electrical
fourth electrical cycle as compared with the periodid8-GHz waveforms to be shaped as desired.
waveform (top trace). As these waveforms illustrate, the phase
of the electrical waveform is controlled by the temporal positiodistorted to decrease the amplitude of the24-GHz cycles.
of pulses in the driving optical pulse sequence. The result is shown in Fig. 6(b). Comparing the electrical wave-
If we instead wish to frequency-modulate our waveforms, wierms of Fig. 6(a) and (b), it is clear the low-frequency cycles
alter the spacing of pulses in the optical pulse sequence. Tare now of similar amplitude to the high-frequency cycles. The
idea is to drive the photodiode with a pair of pulses spaced squalization operation is shown schematically in Fig. 7. In this
closely they cannot be individually resolved by the electricahanner, the shape of the electrical waveform may be tailored as
measurement. The result is that the electrical responses frdesired, for example equalized, by appropriate predistortion of
each individual pulse in the pair blend together to producetlae driving optical pulse sequence based on the electrical mea-
single electrical cycle that is twice the duration of that induceslirement.
by a single pulse. This is illustrated in Fig. 6(a). Here, three To illustrate the broad-band nature of our burst waveforms,
pulses at- 48 GHz are followed by two pulse pairs, as showwe present RF power spectra for several of these waveforms
in the bottom trace. The pulse-to-pulse spacing in these paing-ig. 8, calculated by performing a Fourier transform of the
is ~ 10 ps—too close in time for the electrical system to digime-domain data. The spectrum for tke48-GHz sinusoidal
tinguish them. The result is an electrical waveform that exhibikairst of Fig. 4 is shown in (a). The spectrum is found to have a
three cycles at 48 GHz followed by two cycles at 24 GHz. center frequency of 48 GHz and a bandwidthef 7 GHz, as
This example very clearly illustrates our ability to generate mitletermined by the approximately 130-ps duration of the wave-
limeter waveforms in a cycle-by-cycle manner. As is evidefiorm. In (b), the spectrum of the frequency-modulated wave-
from this waveform, when the pulse pairs are of similar amplferm of Fig. 6(b) is presented. Here, the spectrum shows features
tude to the individual pulses driving the high-frequency portioat ~ 24 and~ 48 GHz as expected and dramatically illustrates
of the waveform, the lower frequency cycles are larger in arthe broad bandwidth of our waveforms, with nonzero spectral
plitude. This is explained by the fact that not only does the Ofbntent over the range ef 15-60 GHz.
converter see twice the energy as for single pulse excitation, buthis illustrates our ability to generate broad-band, amplitude
the electrical system response is also greater24 GHz than equalized, arbitrarily phase- and frequency-modulated wave-
at~ 48 GHz. To remove this distortion and obtain equalizeldrms in multiple-tens-of-gigahertz range through O/EI conver-
electrical waveforms, the driving optical pulse sequence is pr&en of tailored optical pulse sequences.
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Fig. 9. Optical cross-correlation traces~-0f40-GHz optical pulse sequences
used to generate nearly continuous electrical waveforms. Each frame of pulses
. . . (separated by the dashed line) is generated from a single source pulse every 100
ps. (a) 40-GHz periodic sequence. (b) 40-GHz sequence with anextPa5-ps
20 30 40 50 60 70 80 90 100 delay introduced after the second pulse in each frame. (c) 40-GHz sequence with
Frequency (GHz) an 80-GHz pulse pair introduced following the second pulse.

Fig. 8. Calculated RF power spectra for ¢a)48-GHz sinusoidal burst and
(b) ~ 48/ ~ 24-GHz frequency-modulated burst waveform.
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In our system, the input pulse to the DST shaper is split into :

N pulses by the DOE, and a subsequent spatial amplitude mask

is then used to tailor the desired pulse sequence. As mentioned
previously, our DOEs provide periodic spatial patterns ranging !
from 8-21 spots. Since we are currently using a fixed mask sub- N \ 1

|
sequent to the DOE, the number of DOE spots must be equal to © T : T
at least twice the number of pulses in the desired optical pulse |
sequence to allow tailoring of the spatial pattern. This amounts ]

to spatial patterns from the DOE that yield pulse sequences at
. A .. -100 -75 -50 -25 0 25 50 75 100

twice the desired repetition rate, e.g.~-a100-GHz pulse se- Time (ps)
guence is used to generate-a50-GHz sequence through re-rig. 10. Electrical waveforms resulting from O/E conversion of the pulse
moval of every other input spot. For example, to generate tbﬁﬂuencez <I>f F(ijg- 9. (fa) Neat:ht/) Continrl]lous iof_tng Sﬂ}nusoid- éb) 4|0-GHZ

o ~ B : ; ase-modulated waveform exhibitingrgphase shift after the second cycle in
SIX CyCIe 48-GHz W_aveforms of Flgs' 4 and 5, a series of Zggch frame. (c) Modulated waveform showing a phase shift midway through
spots formed the basis for the resulting waveforms. In terms@é third cycle.

patterning efficiency, the electrical waveforms utilize/ N of

the input optical power where is the number of optical pulsestinuous in nature, i.e., shaped electromagnetic waveforms that
necessary to generate the desired electrical waveform. Typicalpeat at a period approaching the pulse shaping window.
the patterning efﬁCiency is on the order of 50%. The efﬁCiency To move toward generation of such WaveformS, we have re-
of the pulse-shaping apparatus itself, which determines the @paced the passively mode-locked fiber laser with an actively
tical power coupled into the output fiber of the pulse shapefode-locked fiber source [15] that providesl-ps pulses at a
depends upon the input pulsewidth and the pulse-shaping tifa@etition rate of 10 GHz. The goal here is to combine our ability
aperture and is thoroughly discussed in [10]. The waveforms generate electromagnetic waveforms over #00-ps frame
generated in this experiment exhibit peak-to-peak amplitudgfth a source of comparable pulse period to generate contin-
of roughly 3 mV, which is determined by the optical excitationous millimeter waveforms. The idea is to create an arbitrarily
power and the efficiency of the 60-GHz photodiode. If applicashaped millimeter waveform, spanning this frame, from each
tions require larger amplitude signals, either increased optigdurce pulse and then stitch these waveforms together to form
excitation power or wide-band electrical amplification could bg continuous signal. To illustrate this concept, consider Figs. 9
used to increase the electrical signal level. and 10. Here, the pulse sequences of Fig. 9 generate the elec-
trical waveforms of Fig. 10 after O/E conversion.

In Fig. 9(a), a frame consisting of four pulses~ad0 GHz

The preceding section details the generation of arbitrarily generated in the DST shaper from each pulse from the
phase- and frequency-modulated burst waveforms in the msburce. The dashed line delineates the boundary between ad-
tiple-tens-of-gigahertz range. The burst nature of these wayaeent frames. After O/E conversion, the 40-GHz electrical
forms is determined by the laser source used as the input to maveform of Fig. 10(a) results. Similarly, the phase-modulated
system. Thus far, our waveforms span a time aperture in excesseforms of Fig. 10(b) and (c) are generated from the pulse
of 100 ps and repeat at the source repetition rate of 40 MHz, sequences of Fig. 9(b) and (c). In (b), an extrd2.5-ps delay
they are essentially isolated in time. For applications requiring) added after the second pulse in the driving optical pulse
higher data rates, it is desirable to have waveforms that are ceaguence. This extra delay results in @hase shift following

B. Continuous Periodic Millimeter Waveform Generation
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Fig. 11. Driving optical pulse sequences used to generate continudiig- 12. Continuous m?llimeter waveforms. Indivjdual waveforms, spanning
millimeter waveforms. (a) 50-GHz optical pulse sequence. (b) Pulse sequeficé00-ps frame as delineated by the dashed line, are stitched together to
exhibiting an extra 10-ps delay after the first and third pulse in each frame. {8jM continuously periodic millimeter waveforms. (a) Continuous 50-GHz

100-GHz pulse pair followed by three pulses at 50 GHz, which repeats evé#usoid. (b) Periodically phase-modulated waveform exhibiting phase
100 ps. shift after the first and third electrical cycles within each frame. (c) 25/50-GHz

frequency-modulated waveform. A single 25-GHz cycle is induced by a
100-GHz pulse pair [Fig. 11(c)] followed by three 50-GHz cycles.

the second cycle of the electrical waveform. Similarly, the shift

in (c) is generated by driving the third electrical cycle with & gy matching the ability to form optical pulse sequences over
single 80-GHz pulse pair. The concept of stitching togethgrime aperture- 100 ps with a high-repetition-rate source, we
frames is clearly demonstrated here; however, the need i@ aple to generate continuous arbitrary electromagnetic wave-
match the waveform duration and the source repetition rategisms at center frequenciesof50 GHz. These waveforms, due
also illustrated. If we wish to achieve continuous waveformg, increased optical excitation power, exhibit peak-to-peak am-
the pulse sequence duration from the DST shaper and, henggy,des of approximately 20 mV. Again, wide-band electronic
the duration of the electrical waveform must be chosen sughpjification or a further increase in optical excitation could be
that the frames join appropriately at the frame boundary. Fgkeq to increase the amplitudes of these signals. We note the
example, consider the pulse sequence and electrical wavefQpgqylation is arbitrary within one frame and is repeated at the
of (). There is an obvious stitching error at the frame boundagyce repetition rate. Incorporation of a high-speed optoelec-
that resultls from a mismatch in frame duration .and the sourgBnic modulator array for rapid reprogramming of the spatial
pulse period. This leads to a small phase shift at the fraggtern at the input of the DST pulse shaper would allow repro-
boundary in the electrical Waveform. To match the el_ectnca}ammmg of the optical pulse sequences on a frame-by-frame
waveforms at the frame boundaries and remove this errgogis This ability would allow generation of arbitrarily shaped

the duration of the driving optical pulse sequence must Bgjjimeter waveforms where the modulation varies indepen-
chosen appropriately. To change the duration of the 0pt|(@ém|y from frame to frame.

pulse sequence, we simply change the periodic spatial pattern
applied to the pulse shaper input. One proper choice of spal
pattern leads to a pulse sequence from the DST where
pulse-to-pulse spacing is 20 ps, and the frame duration is 100
ps, resulting in a continuous 50-GHz optical pulse sequenceFor certain applications, particularly ultra-wide-band RF
with negligible stitching error between adjacent frames. Theommunications [5], it is desirable to obtain arbitrarily shaped
continuous pulse sequence is illustrated in Fig. 11(a). Aftefectromagnetic waveforms in the gigahertz range. Given the
O/E conversion, the measured electrical waveform is seen toFebruary 2002 ruling by the Federal Communications Com-
a smooth~ 50-GHz sinusoid, as illustrated in Fig. 12(a). Heranission (FCC), a particular frequency range of interest is the
the stitching error apparent in Fig. 10(a) has been effectivedpproved UWB 3.1-10.6 GHz band. Keeping in mind the goal
eliminated. of reaching this particular frequency range, we now show how
We are also able to achieve phase and frequency modulatiormove our electromagnetic waveform generation technique
(FM) in the same manner as previously demonstrated with buiistm the tens-of-gigahertz range into the gigahertz range.
waveforms. For example, an extra 10-ps delay is introducedwhile both FT and DST pulse shaping techniques are ca-
after the first and third pulses in the optical pulse sequencepble of generating optical waveforms that span a time aper-
Fig. 11(b), which results in a 50-GHz sinusoid exhibiting a ture of several hundred picoseconds, achieving waveforms with
phase shift after the first and third cycles in the electrical wavaanosecond durations directly from either pulse shaper is not
form [Fig. 12(b)]. Similarly, by introducing a singte 100-GHz feasible. Inclusion of a fixed amount of chromatic dispersion
pulse pair [Fig. 11(c)], a single 25-GHz cycle precedes thredter either shaper, however, can easily stretch the temporal du-
50-GHz cycles, as shown in Fig. 12(c). rations into the nanosecond regime. Recently, a group at the Uni-

ial
Iﬁe GENERATION OF GIGAHERTZ WAVEFORMS VIA DST RULSE
SHAPING AND DISPERSIVESTRETCHING



3026 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 12, DECEMBER 2003

Spectrum ~ Fourier Transform d.=d.=f
: 271
of Spatial Pattern

|

_—— = — P
I
|
° f1 | by
L]
:<—d1—> < d,—>
]
Spatial Pattern m(x) Time
Spectrum ~ Spatial Pattern
A

Fig. 13. FMin the DST shaper. A quadratic temporal phase is imparted to the pulse shaper outpdit whe f,. For a sufficiently large FM, the applied
spatial pattern is mapped to the optical spectrum at the output of the DST shaper. This FM capability, combined with dispersive stretching~alld@@sghe
optical pulse sequences from the DST to be stretched to several nanoseconds in duration.

versity of California at Los Angeles (UCLA) [9] demonstrated®?? & puises

) ; . . - " @ 50 MHz N
a Fourier pulse-shaping technique, combined with dispersi e Dispersien GHz
stretching, to generate RF waveforms in the 1-12-GHz rangMogelocked,....,) Pwsgg’ape r“*m" OfE|-» Electrical
In this method, the optical spectrum of a supercontinuum sourk 5.5 km SMF Waveforms

is amplitude-modulated in an F_T pulse shaper. [13]: FOIIO_qugg. 14. Experimental schematic for gigahertz waveform generation. Optical
the pulse shaper, a length of single-mode optical fiber disp@tise sequences from the DST shaper are temporally stretched®§ km
sively stretches the temporal output of the pulse shaper. For lapfjgingle-mode optical fiber prior to O/E conversion, enabling generation of
dispersion, the measured optical waveform after stretching i§'a "cal waveforms spanning several nanoseconds.

scaled version of the amplitude modulation applied to the op- £ dy # f,, however, the phase front at the output fiber now

tical spectrum. This is equivalent to the Fourier transform of t t dh drati tial ph Th h
pulse shaper temporal output. After O/E conversion, the m {IS a curvature and, hence, a quadratic spatial phase. 1hroug

sured temporal electrical waveform exhibits the shape of the (} e physics of the pulse shaper, this quadratic spatial phase maps
tical spectrum t0 a quadratic temporal phase in the DST output, which is now

. - . expressed as
While conceptually similar, the fundamental difference be- P

tween the FT technique [9] and our DST shaping technique is o AR
the manner by which the optical spectrum is modulated and the Epsr () oc ein () [m <__t> ¢ } (3)
relation between the pulse shaper temporal output and the meﬁ—

sured electrical waveform. In contrast to direct modulation 8f"'©'C

the optical spectrum via an SLM in an FT shaper, the optical A(dy, dy) = T ( f1—ds ) (4)
spectrum in our apparatus is modulated by the applied spatial ’ A2 \ fidi + fids —dids ) -

pattern and the physics of the DST pulse shaping apparatus.l.his guadratic temporal phase gives rise to an FM (in nanome-

In a DST pulse shaper, the intensity of the output temporgls per picosecond) which, when sufficiently large, maps the
waveform is always a scaled version of the applied spatial pajpjied spatial pattern onto the optical spectrum. In this case,
tern, as given by (1). Ithas been shown, however, thata quadrgfifth, the temporal waveform and the optical spectrum are scaled
temporal phase may be imparted to the DST shaper tempQralsjons of the applied spatial pattern. Thus, when the DST
output when the apparatus is configured appropriately [16]. Taaper is followed by a fixed amount of dispersion, as illustrated
illustrate this concept, consider Fig. 13. If we assume a pgfrrig 14, the optical waveform after stretching is still a directly
fectly collimated spatial input to the pulse shaper, the appgsjed version of the pulse shaper temporal output. After O/E
ratus contributes no quadratic spatial phase when configuiggersion, the electrical waveform is now a stretched version
in a “chirp-free,” i.e.,di = d» = fi, configuration. In this ¢ ihe pulse shaper output.
particular case, the phase fronts of both the spatial pattern apto stretching factor is determined by the magnitude of FM
plied to the grating and the spectrum prior to the output fiber affiparted by the pulse shaper and the amount of fixed disper-
flat, and the DST shaper does not impart any quadratic ph . For our system, which employs~ 5.5 km of Corning

or FM to the temporal output waveform. The result is that thgy r_og (O = 17 pg nm- km), the stretching factor is approx-
optical spectrum of the pulse shaper output is related to tﬁﬁ’ately given by '

Fourier transform of the temporal output as is expected. When
the pulse shaping lens is moved from the chirp-free position, i.e., Stretching Factor |[FM|- D - L. (5)
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Fig. 16. Tunability of electrical waveform duration. For small changes in
-15 j " " pulse-shaping lens positios;10% changes in waveform duration are easily
1.0 -0.5 0.0 0.5 1.0 attained. Here, the electrical waveform is scaled from 1.5-2 ns, amounting to a
center frequency variation over the range~0f3.33-2.5 GHz, for a change in
Time (ns) lens position of 7.5 mm.

Fig. 15. Gigahertz waveform generation. After passing through.5 km
e s G Caerson. s messrod o el venof e 4 17 e DST shaper. This sequence oan be represenied
has adurafion of 1.34 ns and a‘center frequency@f2¥6 GHz. a5 “1, 001117 with “1" representlng apulse in the sequencg.
In this sequence, each pulse occupies a 20-ps frame, resulting
ip\sa center frequency ot 50 GHz. This waveform, after
Hetching and O/E conversion, is shown for several stretching
actors in Fig. 16. The center waveform, exhibiting a duration
f ~ 1.8 ns, as measured from the separation of the first
gives a stretching factor that varies from-28 over this small nd Igst pqak in the waveforr_n, V\."” be_ used as the reference.
Dividing this sequence duration into five 360-ps frames, the

range of lens position. o
It is interesting to compare our gighertz waveform geneyyaveform exhibits a center frequency f 2.77 GHz. To

ation concept with that of temporal imaging [17]. Temporaqt_:tf;]lzve_thllssvzvgveform(,ﬂthsi pllgs7e5-shaplnlg lens is Ip:J_03|tio3ned
imaging is accomplished through the combination of dispersio : It'l o Fl\(/:lmfin 82_0 ' c_:mﬂ(1p easle se;: '9- F )
quadratic temporal phase modulation, and a second dispersrtﬁﬁuV;TSe'gfagM thg pr; di'cte dnsntj:gtscgi]ng?arc):ltjoiea: g?\f)eer:'byo(rS)
applied to an input optical waveform [18]. When the dispersian approximately 18.7. The measured..8-ns waveform shows

and phase modulation are chosen appropriately, the input %Ecellent agreement with this predicted value. By repositioning
f!

In our apparatus, a variety of stretching factors are attainable.
the pulse-shaping lens is displaced from the chirp-free positi
ofd; = 15 ecm= f; tod; = 11.25 cm, the induced FM is
continuously tuned from 0 to -0.3 nm/ps. This variation in chir

tical waveform is mapped to an output waveform that is eith lse-shaping lens. this waveform may be contracted or
temporally expanded or compressed. The key element in th & pu ping » TNIS Wav Y

systems is the quadratic phase modulator, or time lens [19]. R aied in time. For example, when the pulse-shaping lens is

though our system is not configured in an exact imaging geo%gsmoned 5 mm from the refc_erence positiah = 13.75 cm,
etry, our DST shaper operates as just such a lens—where {fe_ .16'25 cmy, the top electrical wavef_orm results. The wave-
temporal focal length is easily tuned through longitudinal di orm 1S contracted from 1.8 1o appr(_)X|mater 1'.5 ns, wh|c_h

placement of the pulse-shaping lens. again shows excellent agreement with the predicted duration

We now present several examples of gigahertz waveform gé)ltl-N 1.49 ns. Again dividing the waveform duration into five

eration in our system. As a first example, the DST lens is po&gual frames, this waveform exhibits-a3.33-GHz center fre-

tioned to give an FM ok —0.22 nnyps, yielding a predicted quency. To dilate the waveform, the lens is displac@d5 mm

stretching factor of- 20.57. Experimentally, when afour-pulsefron.].the reference positioni{ = 13 cm,d, = 17 cm). Inthis
sition, the applied FM increases in magnitude to approxi-

sequence that is 70 ps in duration and has a center frequeﬂg o .
of ~ 50 GHz is generated in the DST shaper, the measu tely —0.22 nnyps, yielding a stretching _factor of 20'5'.
e measured 2 ns (~ 2.5 GHz) electrical waveform is

stretched electrical waveform is found to have a duration ) . .
~ 1.34 ns to approximately 20 times the duration of the inehown in the bottom trace. Although we focus on time-domain
tial waveform. This waveform is presented in Fig. 15 waveforms here, it should be noted that the entire broad-band

The duration of the measured waveform shows excelle Fspectrum Is, in fact, tuned in freque_ncy space. This clearly
agreement with the predicted duration, with the slight dg_ustrates how, through very small adjustments to the pulse

crepancy most likely due to uncertainty in the length of th%haper,_ the temporal duration and brqad-band RF spectrum of

stretching fiber. arbitrarily shaped waveforms can easily be tuned over a range
For a fixed amount of dispersion, in our cage- . = greater thant:10%.

93.5 pgnm, the stretching factor may be tuned simply by

changing the position of the pulse-shaping lens. For small

changes in lens positios;10% changes in temporal duration We present an overview of our novel optical technique for

are easily attainable. To illustrate this tunability of the electricgleneration of arbitrarily shaped broad-band electromagnetic

waveform duration, a four-pulse 100-ps pulse sequencewaveforms in the gigahertz-to-multiple-tens-of-gigahertz

V. CONCLUSION
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range. By using tailored optical pulse sequences generateebn D. McKinney (M'03) received the Ph.D. degree from the School of
in a novel DST optical pulse shaper to drive a high—spe@éﬁcmca' and Computer Engineering, Purdue University, West Lafayette, IN,
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allows generation of electrical waveforms at center frequenci“;f@“on- He is currently a Visiting Assistant Professor of Electrical and Com-

hi 50 GHz. i ded . f f uter Engineering at Purdue University. His research focuses on the area of op-
approaching z, Is extended to generation of waveforigs, space—time processing and radio frequency photonics—specifically, op-

in the gigahertz range through dispersive stretching of tkieal pulse shaping for arbitrary electromagnetic waveform generation.
pulse Shaper output. This Slmple technlque for millimeter andDr McKinney was a-flnallst for the Opt|CaI SOCIety of America (OSA)/NeW
. . ._Focus Student Award in 2002, and in 2003, he received the Chorafas prize for

mmrowgve_AWG.couId.be an enab“ng t(_achnology fora Var'e%tstanding doctoral research from the Dimitris N. Chorafas Foundation, as well
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