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An Ultrafast Variable Optical Delay Technique
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Abstract—We demonstrate a novel method capable of achieving of spatial slits generates a far-field pattern that is the product of
ultrafast variable delay. This technique utilizes temporal gratings  the single-slit diffraction pattern and a multislit diffraction pat-
to vary the timing of optical pulses. Ultrafast, variable optical tar |1 direct analogy, dispersion of a coherent array of optical
delays may be used in optical clock recovery circuits, all-optical | ¢ I ' fi h ted by ch tic di
phase-locked loops, and other applications. pu s_es ora empora grating, when ac e_ on by chromatic _'S'

_ o ) persion, results in atemporal pattern that is the product of the in-

Index Terms—Clock recovery, optical communications, optical  yjiqyal broadened pulse and the multipulse dispersion pattern.
data processing, optical delay, optical fiber dispersion, synchro- - . . .
nization. As in the case of diffraction patterns, where the shape or position

of the central maxima in the interference pattern is related to the
slit spacing, the shape and time position of the central maxima
. INTRODUCTION in the temporal interference pattern is related to the amplitude

HE ABILITY to vary the arrival time or phase of optical and time. separation of the pulses in the temporgl grating. .

signals is a crucial function in many optical and electroop- AS & simple example, we use a model (that will later be veri-
tical systems. For example, in high-speed optical transmissitgd experimentally) of a transform-limited 2-ps Gaussian pulse
systems, local clocks must be synchronized to incoming dab@tis dispersed in a length of standard single-mode fiber (SMF)
streams. Similarly, applications of optics to microwave systerf an output pulse-width of 240 ps. Next, we create a coherent
such as antenna remoting and phased-array radar require aB&i[-0f these 240-ps pulses, spaced by 7 ps. This pulse pair will
rate and variable time delays. In these types of systems it magprfere and create the interference patterns shown in Fig. 1.
be acceptable to use slow techniques for achieving variable Jj\tptice that the interference patterns are just a sinusoidal modu-
tical time delays. In the case of packet-switched networks hol@tion multiplied by the dispersed pulse envelope. The frequency
ever, where the timing of the data payload within a packet ¢ the sinusoidal modulation is determined by the pulse pair sep-
variable, clock synchronization or lockup may need to be quiéation. The position of the peaks in these patterns, or the phase
fast. Any high-speed processor employing optical logic will alsef the s.inusoide_ll pgtterns, is Qetermiped by the relativg phase of
require high-speed synchronization. To date, a number of refg€ optical carrier in the two interfering pulses. The difference
tively slow variable optical delay schemes have been demdR.€lative phase between the top and bottom plot in Fig.al is
strated. For example, the timing of an optical pattern may pe The concept is demonstrated experimentally using the setup
altered by stretching an optical fiber or an air gap in the opticalown in Fig. 2. A 2.2-ps optical pulse with a center wavelength
path [1] or by tuning a source wavelength at the input to a disp&-approximately 1550 nm is launched into a 10.6-km spool of
sive path [2]. Alternately, electrooptic phase-locked loops m&jandard SMF. That 2.2-ps pulse is broadened to 240 ps at the
be used [3]-[5]. However, all of these techniques are too si#tput from the fiber spool (position A), as shown by the solid
for packet-switched network and high-speed processor appli€4fves in Fig. 2. A 4.6-m length of polarization maintaining
tions. fiber (PMF) is coupled to the output of the fiber spool. This

The ultrafast variable time delay we demonstrate is based BMF IS used to create two copies of the 240-ps output pulse,

optical signal processing using temporal gratings [6]. To d&pbaced by approximately 6.6 ps. A polarizer is used to align the
scribe the new method, we invoke the analogy between Spagglarization of the two pulses so that they may interfere to create
diffraction and temporal dispersion. An optical pulse dispers#¥ pattern, as measured at position B, shown by the dashed
and broadens as a result of chromatic dispersion in a fiber,GArves in Fig. 3. The position of the peak in the pattern can be
the same manner that light from a spatial slit is diffracted into2gjusted by changing the optical phase relationship between the
far-field region [7], [8]. In both cases, within second-order digWo pulses in the array. We change the optical phase between
persion or diffraction, the far-field patterns are the Fourier trané1€ two pulses by stretching the PMF. The range of achievable
form of the near-fields, namely the original spatial slit or théelays is limited to approximately half of the dispersed output

original temporal pulse. Furthermore, diffraction from a serig¥/Se-width, or approximately 120 ps in this case. _
One weakness of the technique as demonstrated here is that
the output from the temporal grating stage is not a single pulse.
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Fig. 1. Simulation of the interference pattern created by a pair of coherent Time (ps)
240-ps pulses with different relative optical carrier phases. The difference in
relative phase between the top and bottom plat.is Fig. 3. The two-pulse interference pattern (dashed line) with different relative
phase delays. The solid lines shows the output from the fiber when a single pulse
is launched.
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Fig. 2. Experimental setup. PMF is polarization-maintaining fiber and NOLM 8
is nonlinear optical loop mirror. % 0.15 -
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sophisticated temporal grating and tailor the output interfer- ~ g,10 -
ence pattern to contain a pulse with a much higher side-mods
suppression ratio. Another way is to use an intensity discrimi-
nator to select the center lobe in the pattern and extinguish th: 99 '
500 1000 1500

side-modes. In this experiment, we used a nonlinear optical oo}

mirror (NOLM) as the intensity discriminator [9]. The time-tun- time (ps)

able pulses at the output of the NOLM (position C) are shown

in Fig. 4. Notice that the time scale over which the pulses mé&l - 4. The _time-tgnaple p_ul_ses output from the nonlinear optical-loop mirror
. . .. . . ting as an intensity discriminator.

be tuned while maintaining a large side-mode suppression ratio

is much larger in this case.

Because the time delay at the output of the temporal grating/&riable optical delay in the manner described here. Using ul-
related to the relative optical phase of the two interfering pulsdsafast, all-optical effects, tuning speeds of 100 GHz should be
and because ultrafast phase changes may be induced in ghessible [11].
trooptic and nonlinear materials, we believe this technique canin conclusion, we have demonstrated a new technique for
produce ultrafast variable optical delay. For example, rather thachieving variable optical delay. Multiple copies of a dispersed
stretching the (PMF), we used an electrooptic phase moduladmtical pulse interfere and create an interference pattern in time.
at the output of the PMF but before the polarizer in the expeFhat central lobe may be time shifted by changing the optical
iment shown in Fig. 2 to induce a differential phase delay. Wihase relationship of the multiple copies of the dispersed pulse.
observed the same time tunability as described above but ofte tuning speed is determined by the method used to induce the
much faster time scale. The speed of the tuning is this caseftical phase changes. The magnitude of the time tunability is
limited by the 3-dB bandwidth of the electrooptic modulator andetermined by the amount of dispersion preceding the temporal
may be as high as 40 GHz, in commercially available compgrating generator. We believe this technique will have many
nents. Ultrafast phase changes similar to those invoked in all-agpyportant application areas, including optical networking and
tical switching experiments [10] may also be utilized to producgignal processing.
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