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ABSTRACT

McKinney, Jason D. Ph.D., Purdue University, May, 2003. Direct Space-to-Time
Pulse Shaping and Applications in Arbitrary Electromagnetic Waveform Generation.
Major Professor: Andrew M. Weiner.

Direct space-to-time (DST) pulse shaping, with its straightforward mapping of an
input spatial pattern to an output temporal pattern, has been shown to be an effec-
tive method to create ultrafast optical data packets. To our knowledge, we introduce
the first DST pulse shaper operating in the 1.5 pm lightwave communications band,
which is compatible with high-speed (> 100 Gb/s) optical communication systems.
Novel features of our pulse shaper include polarization-independent operation, uti-.
lization of diffractive optical elements for spatial pattern generation, and a telescopic,
fiber-coupled configuration. These features collectively enable the creation of equal
intensity optical pulse sequences over a time aperture in excess of 100 ps and at rates
of ~ 100 GHz. These pulse sequences enable us to overcome electrical limitations
and generate arbitrary electromagnetic waveforms in the GHz to multiple tens of
GHz range through a novel optical technique.

Although creation of arbitrary optical waveforms is achievable through established
methods - such as Fourier transform pulse shaping - arbitrary waveform generation
capabilities in the microwave and millimeter-wave range are quite limited. We demon-
strate, for the first time to our knowledge, cycle-by-cycle generation of broadband
burst and continuous electromagnetic waveforms at center frequencies from ~2-50
GHz. Our simple, reconfigurable method uses tailored optical pulse sequences from
our 1.5 um DST pulse shaper to drive a high-speed optical-to-electrical converter. By
appropriately tailoring the input optical spatial pattern of the pulse shaper, arbitrar-

ily phase- and frequency-modulated electromagnetic waveforms are achieved.



1. INTRODUCTION

Techniques for obtaining arbitrarily shaped optical waveforms have been of great in-
terest for many years. One such technique, which is now widely accepted, is Fourier
transform (FT) pulse shaping [1]. Using a combination of phase- and amplitude-
modulation in the pulse shaper, nearly arbitrarily shaped optical waveforms can be
obtained, with the shape of the output temporal waveform given by the Fourier
transform of the applied spatial masking function in the FT pulse shaper. While this
technique allows synthesis of virtually any temporal waveform, the method is limited
by the update rate of the modulator and by the time to compute the requisite mask-
ing function. For optical communications applications, such as optical time-division
multiplexed systems, where “packets” of information are desired, slow modulator up-
dates and lengthy computation time limit the overall system bit rate. For these type
systems, a more direct method of packet generation is desirable.

Direct space-to-time (DST) pulse shaping, originally demonstrated in the mid-
1970s with pulses in the 30 ps range [2], provides a straight-forward method for
creating such optical data packets, by exploiting the coupling between space and
time in dispersive optical systems. While techniques to measure this coupling have
been demonstrated [3, 4] and FT pulse shaping systems utilizing this coupling have
been constructed [5, 6], only recently has this effect been exploited for high-rate op-
tical pulse sequence generation [7]. This pulse shaping geometry which consists of
a diffraction grating, lens and thin slit, gives a temporal output which is a directly
scaled version of a spatially patterned fs input beam. This mapping of a parallel
spatial pattern to a serial temporal pattern is compatible with high-speed modulator
arrays allowing packet generation by parallel manipulation of each bit in the packet.

Operation of this pulse shaper in the femtosecond regime has been thoroughly an-
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alyzed by Leaird [8] and has been shown to be a simple method for the creation of
ultrafast optical data packets [7]. We now extend this work by moving DST pulse
shaping to the 1.5 ym communications band in a manner compatible with high-speed

optical fiber communications systems.

Through a novel telescopic, optical fiber-coupled DST pulse shaping geometry [9]
we demonstrate, for the first time to our knowledge, high-rate optical pulse sequence
generation over a time aperture in excess of 100 ps. Additional novelties of our pulse
shaper include the use of diffractive optical elements to improve the spatial patterning
operation and polarization-independent operation. The combination of the above
features enables high-rate optical pulse sequence generation over a time aperture ~3
times greater than previously demonstrated. This apparatus, when coupled with a 10
GHz actively modelocked input source [10], allows generation of continuous optical
pulse sequences at rates approaching 100 GHz - more than two times higher than the

commercial state-of-the-art.

Though the intended optical application of our 1.5 pym DST shaper is optical
packet generation, aimed toward high-speed optical networks, the ébility to gener-
ate arbitrary pulse sequences over a 100 ps temporal window also enables another
novel experiment - generation of arbitrarily shaped electromagnetic waveforms. By
using tailored optical pulse sequences from our DST pulse shaper to drive a high-
speed photodiode (optical-to-electrical) converter, we generate arbitrarily phase- and
frequency-modulated broadband burst millimeter waveforms at center frequencies ap-
proaching 50 GHz[11]. We also demonstrate how predistortion of the driving optical
pulse sequence in our experiment allows amplitude equalization of the output elec-
trical waveform. Owur technique, when coupled with a high repetition rate optical
source, is demonstrated to be extendible to generation of continuous millimeter-wave
signals [12]. Utilizing the physics of our pulse shaping apparatus, namely the ability
to impart a frequency modulation, or chirp, onto the pulse shaper output waveform
[13] and dispersive stretching, we have also demonstrated generation of microwave

signals in the ~2 GHz range [14, 15]. Our reprogrammable cycle-by-cycle electrical
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waveform generation technique could be an enabling technology for various applica-
tions in including RF communication systems, electronic countermeasures and pulsed
radar.

This work is organized in the following manner. In Chapter 2, a brief discussion
of the theory of operation of the telescopic DST shaper(Sec. 2.2) will be followed
by discussions of the temporal window of our pulse shaper in Section 2.3, frequency
modulation behavior of the pulse shaper in Section 2.4, and effects of this frequency
modulation on the pulse shaper output in Section 2.5. The experimental realization
of the pulse shaper will be discussed in Section 2.6, along with generation of high-
rate burst optical pulse sequences, and Section 2.7 will present continuous 100 GHz
optical pulse sequence generation. Our novel electromagnetic waveform generation
technique will be explained in Chapter 3 and Chapter 4 will describe the extension
of this technique to electrical waveforms in the low GHz range. In Chapter 5, we
will summarize and present future research directions. The diffraction analysis of the

telescopic DST shaper is included, in its entirety, in Appendix A.



2. DIRECT SPACE-TO-TIME PULSE SHAPING

2.1 Motivation and Previous Work

Techniques for generation of high-rate arbitrary optical pulse sequences are of
importance to many applications, ranging from coherent control to optical commu-
nication. Specifically for optical communications applications, e.g. optical packet
generation, direct space-to-time pulse shaping [8] has been demonstrated to be a
straightforward manner by which to generate these pulse sequences.

Direct space-to-time (DST) pulse shaping was first demonstrated by Colombeau
et al. in the mid-1970s, with pulses in the ~30 ps range [2]. This initial work was
further explained during the late eighties and early nineties using more standard
measurement techniques (optical auto- and cross-correlation) to verify the resulting
shaped pulses [16], and to theoretically explain the pulse shaping mechanism [16, 17].

DST pulse shaping was brought into the femtosecond regime by Leaird and Weiner
[8] in the latter half of the 1990s. Thorough analysis of the pulse shaping apparatus
has been performed and generation of high-rate optical pulse sequences at Ti:sapphire
wavelengths has been demonstrated [7, 8]. Chirp control in the apparatus has also
been presented [13]. The work of Leaird and Weiner [7, 8, 13], while providing the
fundamental description of the pulse shaping apparatus on a femtosecond time scale,
also illustrated several areas which could be further engineered to enhance the overall
system performance for optical packet generation in optical communications applica-
tions. In particular, improvements in the pulse shaping time aperture and equalization
of optical pulse sequences from the pulse shaper are of primary interest.

The focus of this chapter is a novel direct space-to-time optical pulse shaper,
constructed for the first time in the 1.5 um lightwave communications wavelength

band. The pulse shaper exhibits a novel telescopic, fiber-coupled configuration which
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enables generation of nearly equal amplitude, high-rate optical pulse sequences over
a time aperture in excess of 100 ps - more than two times greater than previously
demonstrated. In addition to the pulse shaping apparatus itself, a theoretical anal-
ysis of previously unknown chirp and temporal window behavior will be given. The
remainder of the chapter is organized in the following manner. In Section 2.2, the
theory of operation of the DST pulse shaper is discussed and novel temporal window
and frequency modulation (chirp) behavior are presented in Sections 2.3 and 2.4,
respectively. Effects of frequency modulation in the DST shaper are analyzed in Sec-
tion 2.5. The implementation of the pulse shaping apparatus, and the novel features
thereof, are addressed in Section 2.6 along with generation of high-rate burst optical
pulse sequences. Section 2.7 presents experimental results in generation of high-rate

(~100 GHz) continuous optical pulse sequences from the DST shaper.

2.2 Theory of Operation for the Fiber Coupled DST Pulse Shaper

Though not as widely known as Fourier transform (FT) pulse shaping [1, 18],
DST pulse shaping provides a simple manner by which to generate optical pulse
sequences. The basic functionality of the DST shaper is illustrated in Figure 2.1.
In contrast to the Fourier relation between the spatial mask and temporal output in
F'T shaping, the output temporal waveform from a DST shaper is a directly scaled
version of the spatial pattern applied to a short pulse at the input of the shaper.
Functionally, the DST shaper acts as a parallel-to-serial converter for this short pulse
input. Changes in the output pulse sequence are induced simply by changing the
applied spatial pattern at the pulse shaper input. This straightforward relationship
between the applied spatial pattern and the pulse shaper temporal output makes the
system ideally suited for optical pulse sequence generation.

The mapping from space to time, or optical parallel-to-serial operation, can be
illustrated in a number of ways. Calculation of the pulse tilt [19] or a simple geometric
argument for the delay across a plane wave diffracted off a grating [20] both give the
time-to-space mapping exactly. A diffraction analysis of the DST shaper, similar to

[5, 8, 21] also illustrates how the DST shaper converts a spatially patterned fs input
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Fig. 2.1. Schematic operation of the DST pulse shaper. A spatially patterned short
pulse input is converted to a temporal output which is a directly scaled version of
the applied spatial pattern. The DST shaper essentially performs optical
parallel-to-serial conversion.

beam into a temporally patterned output waveform. The results of this analysis will
be discussed in this section. The specific point of this discussion is to point outl
the effects of the telescope on the achievable pulse shaping temporal window and new
control of the frequency modulation (chirp) behavior of the pulse shaper, as compared
to previous analysis [8, 13].

The diffraction analysis was performed for the system shown in Figure 2.2. The
derivation in its entirety is included in the appendix; only key results and the basic
operation of the DST shaper will be included here. For a spatially patterned beam
s (z) just after the diffraction grating (P2), the field at the pulse shaper output, prior
to the slit (P5) is given by

Es(z) = Cpsre (") g <%A1z> (2.1)

where
s <%A1x> _ F{s(m)e le(ﬂ_—f?ﬂ)Z} ~ F{s ()} (2.2)
A = ! (23)

~ Adi + fidy — didy
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P1 P2 P3 P4 P5 P6

Fig. 2.2. Definition of planes relevant to the diffraction analysis of the DST pulse
shaper.

and F {} denotes the spatial Fourier transform

o0

S = /dw' s (z') e (2.4)

—0o0

Here, A; is a unitless scaling factor arising from the position of the pulse shaping
lens. This quantity takes on a maximum value of 1 for d; and / or dy = f;. In the
expression for E5 given by Eq. 2.1, Cpgr is a constant arising from the diffraction
analysis of the field at the input to the pulse shaper. For a full expression for this
constant, please consult Appendix A. In order to relate the field at the pulse shaper
output to the spatial input pattern of the DST before the grating (P;), the effect of
the diffraction grating must be taken into account. If a spatially patterned Gaussian
fs input beam [22, 23, 8], of radius w and with phase-front radius of curvature R, is

assumed just prior to the grating,

Eq (z,w) = m(z) e %% 7" E (w) (2.5)

where
m (z) = applied spatial pattern (2.6)
6_%27 = intensity distribution of the Gaussian beam (2.7)

e~778% = phase distribution of the Gaussian beam (2.8)
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the field after the grating (P2), taking into account the change in beam size after the
grating (a) and the dispersion of the grating (v) is

E; (z) = s(z)e ™ E (W), (2.9)
where
az:z;z : ka? 2

s(z) = m(azx) e » e 72E" (2.10)

In the above expression,

cos 8;
= 2.11
o cos 0y ( )
) :

= 12
7= et (ps/mm) (2.12)

where A is the source wavelength, ¢ is the speed of light, d is the period of the
diffraction grating and 6;, 8, are the incident and diffracted angles of the beam off
the grating. Inserting the expression for s(z) (Eq. 2.10) into 2.2 and taking the-
spatial Fourier transform, the field prior to the output fiber in the DST is

. f1—di A
Es (z,w) = CZSTE (w) e_]%i( 7 )sz’ {——1 <w - —k:y-Alx> } . (2.13)

In order to express the temporal output of the DST, the effect of the slit (which
samples the Fourier transform of the input spatial pattern) must be taken into account
and an inverse temporal Fourier transform performed. In contrast to previous work,
where the slit was treated as an ideal spatial § function [7, 8, 13], the output in the
1.5 pm DST shaper is sampled with a single-mode fiber. To find the field coupled
into the fiber, an overlap integral must be performed between the field just before the
fiber and the effective spatial mode of the fiber. The method used to find this overlap
integral is similar to [24]. Assuming the fiber mode is centered at z = 0 and of the

general form f (ﬁ;), where wg allows scaling of the width of the mode, and has the

Jolr(2)

property
2

=1 (2.14)



this overlap integral can be written as
CDST < T > 1 /00 .
E z,t) = — )| — [ dw E (w)e*t
DST( ) o f wo \/ZT- ( )

. / iz f <_> oy (B e o [_1 (w k. Am)}
Wo 04 fl’Y

(2.15)

Interchanging the order of integration and taking the inverse temporal Fourier trans-

form, we have

Epsr(z,t) = CDSTf (i)

i Wo

x>
/ . _ ¥ . 7
[ e 1 (Z) AR g {#(-2) o
Wo v

(2.16)

where * denotes convolution. Interchanging the order of the convolution and the dz’
integral, and treating the dz’ integral as a spatial Fourier transform, the temporal

output of the DST shaper can be written as

Epsr (z,t) = \/gwocl;STf (i)

Wo

() * {5' ("gt> [F (Zfiv_mlt) . efa:f?ﬁ%(#fl’izhﬁz] }
Y vh

where e (t) represents the temporal shape of the input fs pulse, s’ { —2t) is the spatial
v

(2.17)

pattern, including a quadratic spatial phase, evaluated as a function of time, and
F (%Alt) is the Fourier transform of the fiber mode as a function of time. If we

take the fiber mode to be a Gaussian of the form

f(z) = ! e_% Z F(¢) = 6"52441”2l (2.18)

and evaluate s’ (—% ), the DST shaper output is now given by
C _a?
Epsr (z,t) = Z2Le wle (t)
v



- 10 -

Here, F (t) represents the complex fiber mode, with an amplitude variation due to
the finite size of the fiber and a quadratic temporal phase due to the position of the
pulse shaping lens as in Eq. 2.17. Mathematically, this complex fiber mode is given

by

K2wl o 1 kwd f1da(f1—d1 A7) 2
_4’72f(;?A1{1+k:2‘WQ2(1‘d!A])2 I |Gkl g ADE | (¢
F.(t) = e 2 : (2.20)

Grouping amplitude and phase terms together, the pulse shaper output is given by

2

Epsr (z,t) = CZSTe—%ge (t) = {m (“%t> Wpsr (t) Ppsr (t)} (2.21)

The terms Wpgr (t) and Ppgr (t) are

_1 a? k22 2 1 2
TZ{E’Y" a7 Af Pwl(imdian® | (¢
WDST (t) = €

P A
2k (2.22)
and
_ik_[o® fi=daAy | kwd frdg(f1—di1 A1) 2
Ppsr(t) = e ’W{R+ R 3 572 +k2uwl (s —a A7 | [¢ (2.23)

These terms give rise to the pulse shaping temporal window and a frequency modu-
lation of the pulse shaper output, respectively. These effects will be discussed later
in this chapter.

The space-to-time conversion constant [8], which gives the mapping from spatial
size at the pulse shaper input to temporal duration at the pulse shaper output, is

defined as

) .

R

and can be chosen by setting the grating period and the incident angle (6;). The
mapping from space to time is evident\ from the temporal evaluation of the spatial
pattern m (—% ) This term controls the basic, user-defined form of the temporal
waveform generated by the DST shaper. The following sections will discuss the effects
of the fiber coupling and spatial pattern size at the grating included in Wpgr (t) and

the quadratic temporal phase given by Ppgr (t) on the output waveform.
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P5 P6 P7 P8 P9 P10 P11 P12

Fig. 2.3. Plane definitions for the diffraction analysis of the telescope following the
DST shaper.

Thus far, only the basic (grating-lens-fiber) pulse shaper has been analyzed. To
determine the behavior of the actual pulse shaping apparatus, the telescope which
has been added between the basic shaper and the output fiber must be included in
the diffraction analysis. Figure 2.3 shows the various plane definitions used for this
analysis. If the field at plane Pj5 is propagated through the telescope to plane P4
and coupled to the output fiber (P12), the telescopic pulse shaper output is given by

Er(z,1) = %e_i%e(t)* {m <—%t> Wi (t) Py (t)}. (2.25)

We again define a temporal window and phase term (Wy and Pr) as given below:

1 a2+fi”2§ f22 ig_AZ 1 2
EEl T O IV Sl P a AfwiBy? .
Wr=e 413 (2.26)
- 2 a2 - _ 2,2 52 42 w2 A2
N [%f A+ B (R B ) B (7—2—,311—5)}
Pr=e STaggrenenE (2.27)
3
Ay = 2.28
2 fads + fods — dsdy (2.28)
/3
A = 2.29
’ fads + fzds — dsdg ( )
(2.30)

Similar to A;, A; and Az are unitless scaling factors relating to the positions of the

telescope lenses and output fiber. Again, these have a maximum value of 1 for ds
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and / or dg = f5 and ds and / or dg = f3. The term B; is given in the Appendix
by Eq. A.85. In the output of the telescopic DST pulse shaper, it is interesting to
note that the space-to-time conversion constant is not changed. Thus, the spatial
pattern m(z) applied at the grating results in the same underlying temporal output
waveform as the basic grating-lens-fiber implementation of the shaper. There are,
however, changes in the pulse shaping temporal window and frequency modulation
behavior as the expressions for Wr and Pr illustrate. Discussions of the pulse shaping
temporal window and frequency modulation behavior of the pulse shaper, in both the

basic and telescopic configurations, will be discussed in the following sections.

2.3 Temporal Window of the Telescopic Direct Space-to-Time
Pulse Shaper '

The achievable pulse shaping temporal window in the DST pulse shaper is de-
termined by several parameters, which are defined both by the user and the pulse
shaping apparatus. Both the user defined temporal waveform, m (—at/~) and the fi-
nite size of the single-mode optical fiber used to sample the pulse shaper output affect
the temporal duration of waveforms from the shaper. Achieving a tefnporal window,
for our purposes defined as the intensity full-width at half-maximum (FWHM) of the
measured intensity profile of the waveform, in excess of ~100 ps is one specific goal
of our pulse shaping apparatus. The temporal window of the basic DST shaper and
the motivation to move to a telescopic configuration will now be discussed.

In the previous section, the exponential term Wpgr (Eq. 2.22) contains infor-
mation on both of the above contributions to the pulse shaping temporal window.
Before beginning the discussion of the temporal window in the DST shaper, it should
be noted that the spatial pattern applied to the pulse shaper input is assumed to
be generated from a spatially patterned Gaussian beam, as given by Eqs. 2.5-2.8.
This assumes spatial patterning is achieved as in {7, 8, 13], where a Gaussian beam
is cylindrically focused and passed through an amplitude mask to achieve the desired
spatial pattern. Though spatial patterning is achieved via other methods in our sys-

tem, the convention of assuming a spatially patterned Gaussian beam is retained in
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the mathematical treatment and does not significantly affect the results presented
here.

From Eq. 2.22, the pulse shaping temporal window is determined by the expression

o2 k2w2
‘712{;7’*“;};2“‘? {W} }fz
WDST (t) = € 4d3f1 (231)

- a Gaussian exhibiting a width determined, in part, by the size of the spatial pattern
applied at the pulse shaper input (w) as well as the finite mode size of the output
fiber (w,). We can separate this term into the product of the constituent Gaussian

windows arising from the applied spatial pattern,

e VT, (2.32)

~2N| SJN

and the finite mode size of the output fiber

K2wZ o 1 2
_472f15 A [1 k2w2(l—di A )E}t
v G )
e 473 (2.33)

While both terms affect the overall duration of the temporal output from the shaper,
the duration of the user-defined waveform (Eq. 2.32) can be viewed as the time
aperture that is to be achieved from the shaper. Specifically, for applications such as
optical packet generation, nearly equal-amplitude pulse sequences are required from
the shaper. Thus, the sequence duration is regarded as the desired time aperture. For
these applications, provided equal intensity features are applied to the pulse shaper
input, the temporal window arising from the finite fiber mode size becomes the factor
which limits the achievable temporal window of the pulse shaper. This factor will be
the focus of the following discussion.

The quantity we are interested in is the intensity FWHM of the output temporal
waveform. For the Gaussian of Eq. 2.33, this quantity is given by

_ A f1 1
Tpst = 2ln (2) —" (1 + A)Z , (234)
where
k2w?
A = 9 (f1 — d1A1)2 . (235)

Ad3 f}
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The A term stems from the constraint in our pulse shaper of d; + dy = 2f; (please
refer to Fig. 2.2), which was not the case in previous work [7, 8, 13]. In general,
A < 1 and can be ignored with negligible loss in accuracy of Eq. 2.34. Given the
form of A;, this term is identically zero for the case dy = dy = f;. Ignoring A in Eq.

2.34, the intensity FWHM temporal window defined by the output fiber is now

In the case where d; = da = fi, A; = 1 and the predicted intensity FWHM
temporal window is ~76 ps. To illustrate the effect of this window, a series of 12
equal-intensity spots is applied to the pulse shaper ipput. This pattern, after space-
to-time conversion, yields a series of 12 pulses at a rate of ~100 GHz that span a ~120
ps time aperture. Given the equal intensity spatial features at the pulse shaper input,
the optical pulse sequence from the shaper should exhibit equal-amplitude features in
the absence of any windowing effects. As Figure 2.4 clearly illustrates, this series of
equal-amplitude pulses is, in fact, windowed temporally by the finite fiber mode size.
The measured FWHM (~68 ps) of the intensity cross-correlation trace of the pulse
sequence is seen to agree quite well with the predicted ~76 ps Gaﬁssian temporal
window (dashed line) arising from the fiber mode size.

For our intended application of optical packet generation, equal-amplitude optical
pulse sequences are a requirement. Thus, the windowing effect of the finite fiber mode
size must be minimized. It was determined early in our pulse shaping experiments
that the contribution of the fiber mode to the temporal window of the DST shaper
was one limiting factor in attaining our desired temporal window defined by the size of
the spatial pattern used as the input to the pulse shaper. To illustrate this, consider
the DST pulse shaper as a generalized spectrometer with a short pulse input [8]. The
spectral resolution for such a spectrometer is set by the relation of the focused spectral
feature size and the dimension of the slit used to sample the spectrum. For a fixed
beam size on the grating, the spectral resolution will increase with decreasing slit size.
For a short pulse input, the pulse out of the spectrometer will increase in duration

due to the spectral filtering effect of the slit. As the slit is broadened and the spectral
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Fig. 2.4. Temporal window of the DST pulse shaper. With distances d; and d, set
equal to f; = 15 cm in Fig. 2.2 the predicted pulse shaping temporal window is ~76
ps (dashed line). This value is determined from Eq. 2.36 with f; = 15 cm, the fiber
mode-field radius w, ~5.25 um, and -~ as given by equation 2.12. The measured
temporal window (red line), with an intensity FWHM of ~68 ps, shows good
agreement with the predicted window.
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resolution is decreased, the filtering effect of the slit is also decreased, resulting in a
temporal output which is shorter in duration than that of the case of a narrow slit.
In the case of the fiber-coupled DST pulse shaper, the pattern size on the grating is
determined by the overall pulse sequence duration we wish to attain, and is hence
fixed at a size determined by the space-to-time conversion constant (Eq. 2.24) of the
pulse shaper. Since the output “slit” of the pulse shaper is a single-mode fiber, the
effective slit dimension is also fixed at a size determined by the core radius of the fiber.
In order to increase the spectral resolution of this spectrometer, and hence increase
the temporal window, the DST shaper was built in a telescopic configuration, where
the telescope is used to magnify the pulse shaper output relative to the fiber size.
This is equivalent to reducing the fiber size, bringing the effective fiber mode closer
to the ideal ¢ function slit [8] where the temporal window is completely determined
by the spatial pattern applied to the pulse shaper input. The same result could be
achieved by simply replacing the pulsé shaping lens with one of a longer focal length.
"This option is impractical, however, in that the pulse shaper length is increased. With
limited space, inclusion of a telescope allows the necessary increase in spectral feature
size without an equivalent increase in the size of the pulse shaper.

To illustrate the effect of the telescope, consider the temporal window term of the
telescopic DST given by Eq. 2.26,
Mol

v i 7543 1+E5 AdwiB,2
45F

WT =€ (237)

Here, the temporal window can again be expressed as the product of the window
defined by the applied spatial pattern at the pulse shaper input (identical to Eq. 2.32)

and the temporal window due to the fiber mode

W2w? 2 A2
_ % AZ 1 t2
. [472f1 ??Z% ! 1+4k—f§A§w3322

(2.38)
The intensity FWHM of this Gaussian window is given by
/3 Az Ay fi 1
2ln (2)= 14+ A)2 2.39
= VIR@RE s, (230)
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Fig. 2.5. Temporal window of the telescopic DST pulse shaper. With a perfectly
aligned telescope positioned between the DST pulse shaper and output fiber, the
pulse shaping temporal window is broadened by a factor of the telescope
magnification of 4 to ~303 ps. For the specifics of the telescope, consult Fig. 2.13
and Section 2.6.

where
Kw; 40 o
Again, A < 1, leaving the intensity FWHM of the fiber mode after the telescope to

be

_ f3 A2 M fi
Tr = /2In(2) A A (2.41)

2
Comparing this expression to the temporal window of the basic DST shaper (Eq.
2.34), the temporal window is now clearly broadened by a factor of the telescope
magnification f3/f> as desired.

To illustrate the effect of the telescope, we consider the case where all distances
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are set to the appropriate focal length, ie. dy =d; = f1, d3 = |f2], dg +d5 =
fa + f3 and dg = f3 (please refer to Figs. 2.2, 2.3). In this case, the scaling factors
A; = Ay = A3 = 1. The optical pulse sequence of Figure 2.4 is again generated in
the pulse shaper. As Figure 2.5 clearly illustrates, the temporal window is indeed
broadened as expected. This is easily seen by comparing the amplitudes of pulses at
the extremes of the sequence (£55 ps) to those near the center of the sequence. The
predicted temporal window (Tr ~303 ps) is again shown by the dashed line. While
the temporal window has been noticeably broadened, some distortion is present in
the optical pulse sequence - the pulses later in time exhibit decreased amplitude and
a slight broadening in time. This is believed to be related to the fact that the entire
diffraction grating (pulse shaper input plane) is not exactly a focal distance away
from the pulse shaping lens L;.

This section illustrates the functionality of the telescopic DST configuration to
broaden the achievable pulse shaping ‘temporal window. There is an additional pre-
dicted broadening which was not previously known, however; this is related to fre-
quency modulation in the shaper. This behavior will be discussed along with fre-

quency modulation effects in the shaper later in this chapter.

2.4 Frequéncy Modulation in the Telescopic DST Pulse Shaper

Previous work [13] has shown that direct space-to-time pulse shaping not only
maps an applied spatial amplitude pattern to an output temporal waveform, but that
the shaper also converts spatial phases to temporal phases as well. Compensation of
the effects from converging or diverging inputs to the pulse shaper is possible through
correct positioning of the pulse shaping lens [13]. This removes any spatial phase
curvature and, hence, any temporal quadratic phase at the pulse shaper output. The
purpose of this section is to review the chirp (or frequency modulation as it will
be refereed to from here on) behavior of the DST shaper and to discuss additional
temporal phase control in the telescopic DST shaper configuration. In addition,
previously undocumented contributions to the quadratic temporal phase imparted by

the telescopic DST shaper will be discussed.
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To elaborate, the instantaneous phase of the basic DST shaper output (from Egs.
2.22, 2.23) has contributions from the input pulse e(t) at frequency wg, the phase
curvature of the incident beam (R), the grating - pulse shaping lens separation dj,
and the pulse shaping lens - fiber separation dy in the pulse shaper, such that

E [o®  fi —doA,
¢inst = LUOt - 5? <§ + _1—_?1%_ + A) tz, (242)

where

_ kwg[ fids (fL — diAr) } (2.43)

2 4d%f12 -+ ]{;ng (f1 - d1A1)2

Similar to the discussion of the pulse shaping temporal window, the term A arises in
the diffraction analysis from allowing the distance d; to vary. This term is generally
multiple orders of magnitude smaller than other terms in the instantaneous phase
equation and may be dropped from the expression without significantly changing
the remaining derivation. After dropping this term, the instantaneous frequency,

Winst = a¢in5t/6t is then

k ﬁ;dz—Al> t. (2.44)

Vinet T 0T T2 (E " fidy
As a result, the frequency modulation (chirp), defined as the time derivative of the

instantaneous frequency, is now

8Wz”nst _ fl d2A1
o - (R + T ) . (2.45)

It is more useful for our application to work in terms of wavelength, so the resulting

frequency modulation in terms of wavelength is given by

oA A Ol2 f1 - d2
— = — [ =1 A .
7 = o (7rals?), (2:46)
where the simplification
S —doAy fi—
= A= 2.47
TR TR (247

has been used.
From 2.45, 2.46 it is clear that the quadratic spatial phase due to the non-flat

phase front of the DST input pattern is converted to a quadratic temporal phase and,
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hence, a linear frequency modulation in the DST shaper. This frequency modulation

can be eliminated by choosing the lens-fiber separation ds such that

f1—doA o?
'1'—f1df Lo (2.48)

effectively cancelling any effects due to a non-flat phase front in the DST input.
Since frequency modulation in the pulse shaper arises from spatial phase curvature,
one would predict the addition of a telescope to the system would allow several
more degrees of freedom in controlling the system frequency modulation. Following a
derivation similar to the one above, the system frequency modulation, including the

effects of the telescope, is given by

oA _Afa  fimd Alfr-ds
ot~ 2 |RTTV A

A2 72 fy = ds
B P

From this expression, it is clear that the frequency modulation in the shaper can

+ A (2.49)

be controlled through positioning not only the pulse shaping lens, but also the first
telescope lens (d3) as well as the output fiber position de. Figure 2.6 illustrates the
imposed frequency modulation as a function of pulse shaping lens and output fiber
position. This measurement was performed by generating two pulses, separated by
~90 ps in the DST shaper and measuring the difference in center wavelength (A\)
of these pulses as a function of pulse shaping lens or output fiber position. The
imposed frequency modulation, in nm/ps, is then calculated from AX / 90 ps. In
this figure, the abscissa is the distance which is varied divided by the respective ”zero
frequency modulation”, or chirp-free position. For example, the solid curve illustrates
the imposed frequency modulation as a function of the grating - pulse shaping lens
position d; divided by the pulse shaping lens focal length f;. For this curve, the
distance dy is subject to the constraint do = 2f; — d; and the telescope lenses are
positioned such that ds = |f2|, dg +ds = f2 + f3, and d¢ = f35. In words, the
telescope is perfectly aligned with the output fiber positioned in the telescope output
plane and the pulse shaping lens is moved longitudinally between the diffraction

grating and telescope input plane. The dashed line shows the imposed frequency
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Fig. 2.6. Frequency modulation in the telescopic DST pulse shaper. The solid curve
shows the frequency modulation imparted by the pulse shaper as a function of the
grating-lens separation d;. In this case, the abscissa is dy/f; and the system is
aligned such that dg = 2f; — dy, ds = |f2|, da +d5s =2 + 5, and dg = f5. The
dashed curve illustrates the imposed frequency modulation as a function of the
output fiber position dg. For this curve, the abscissa represents dg/f5 and the pulse
shaper is aligned with d1 dz = fl, d3 1f2| and d4 + d5 = fz + f3
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modulation as a function of the output fiber position dg divided by the focal length
of the second telescope lens f3. For this measurement, the pulse shaper is aligned with
d; =d; = f1, ds = |f2|, and dg + ds = f2 + f3. The imposed frequency modulation
due to movement of the pulse shaping lens is found to vary much more rapidly than
that due to movement of the output fiber, as is consistent with the inclusion of the
telescope. The form of the imposed frequency modulation due to the pulse shaping
lens position agrees with that demonstrated previously [13], however, there is now the
more slowly varying modulation controlled by the output fiber position which may be
utilized to fine-tune the imposed frequency modulation. The small offset from zero
when the pulse shaper is in the chirp-free configuration is due to a finite radius of
curvature on the phase front of the applied spatial pattern. This residual frequency
modulation of ~.015 nm/ps predicts a value of R = ~ -94 cm in Eq. 2.49. This

represents a relatively slowly converging input to the pulse shaper.

2.5 Frequency Modulation Effects in the Direct Space-to-Time Pulse
Shaper

Frequency modulation in the DST pulse shaper can be either a useful tool, or
a hindrance, depending on the intended application. The intent of this section is
to illustrate the effects of frequency modulation in the shaper and to discuss new
predicted temporal window effects which appear when the pulse shaper is arranged
to impose a frequency modulation on the pulse shaper output.

To illustrate the frequency modulation imposed by either a converging / diverging
spatial input to the pulse shaper, or by intentional positioning of the lenses in the
system, consider Figure 2.7. This shows the optical spectrum of the pulse shaper
output in the large frequency modulation regime. Here, the modulation arises from a
spatial phase curvature present at the input to the shaper; the result is that each pulse
in the 10 pulse sequence from the shaper exhibits a different center wavelength. Figure
2.7 shows the spectra for 8 of the 10 pulses in the sequence - the spectra for the other
two pulses in the sequence are significantly lower in power and are not shown here.

Thus, each spectral feature in the optical spectrum of Figure 2.7 is due to a different
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Fig. 2.7. Optical spectra illustrating the effect of frequency modulation in the DST
pulse shaper. Here, each pulse in the 10 pulse sequence from the shaper exhibits a
different center wavelength. This effect leads to time-aperture effects due to the
shape of the input optical power spectrum.

pulse in the output sequence. Though this behavior is desirable, in fact useful, in some
cases as will be discussed in Chapter 4, often it causes distortion in the optic;'ﬂ' pulse
sequence generated by the pulse shaper. When the imposed frequency modulation is
sufficiently large, it is possible to modulate individual pulses in the sequence outside
of the input source bandwidth. In this regime, there is a temporal windowing effect
due to the finite optical bandwidth of the short pulse input to the apparatus. Figure
2.8 presents the optical intensity cross-correlation measurement of the optical pulse
sequence corresponding to the optical spectrum of Figure 2.7. Here, only seven of
the expected 10 pulses in the sequence appear in the measurement; the other three

pulses have been modulated outside of the ~5 nm source bandwidth. When the
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Fig. 2.8. Measured temporal output of the DST shaper illustrating the effects of
chirp in the optical system.
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Fig. 2.9. Optical spectra in the absence of frequency modulation. When the
frequency modulation is removed, all pulses in the pulse shaper output have the
same center wavelength, removing spectral time-aperture effects.

output fiber position is set to nullify the finite phase-front radius of curvature of the
pulse shaper input, this frequency modulation is removed. This is illustrated nicely
in Figure 2.9, where all 10 pulses (of which the spectra for a representative 7 are
shown) in the output pulse sequence exhibit the same center wavelength. As a result
of all 10 pulses residing within the source bandwidth, the output sequence contains
all ten pulses as shown in Figure 2.8. While this frequency modulation is detrimental
for some applications, specifically optical pulse sequence generation from a limited-
bandwidth short pulse input, frequency-modulated optical pulse sequences also prove

to be quite useful. An application of these sequences will be discussed in Chapter 4.

As mentioned in Section 2.3, when the pulse shaper is aligned to impose a fre-

quency modulation on the shaper output, the pulse shaping temporal window is pre-
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Fig. 2.10. Comparison of chirped / chirp-free operation of the DST shaper. The
chirp-free (red) trace clearly shows ten, nearly equal amplitude, pulses as expected
from the use of a DOE to perform the input spatial patterning. The output from
the chirped configuration (blue) is repeated here for comparison.
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dicted to broaden. Consider the intensity FWHM of the basic DST pulse temporal

window (Eq. 2.36)
M

7T’LU0A1 ’

Here, the scaling factor A; appearing in the denominator varies as a function of the
pulse shaping lens position as shown in Eq. 2.3. As the pulse shaping lens is moved
in either direction from the chirp-free position of d; = dy = f;, A; decreases from it’s
maximum value of 1 leading to an increase in the width of the achievable temporal
window. As the pulse shaping lens position d; is numerically varied over a range
of .5f; < d; < 1.5f; with da = 2f; — d;, while holding all other distances fixed at
the appropriate chirp-free position, the temporal window is predicted to vary from
~76 ps to ~95 ps FWHM as illustrated in Figure 2.11. Conceptually, this is once
again explained using the aforementioned spectrometer analogy. As the pulse shaping
lens position is varied, the spectral features at the pulse shaper output are no longer
focused at the output fiber; the spectral feature size is now larger. Therefore, the
output fiber appears smaller (closer to the ideal ¢ function slit) and the temporal
window is accordingly broadened. |

While this behavior is clearly predicted from the diffraction analysis of the system,
measurement of this phenomena in our apparatus is quite difficult. The simplest
measurement of this broadening would be to impose a large frequency modulation
to the shaper output and perform a numerical Gaussian fit to the optical cross-
correlation measurement of the resulting optical pulse sequence. This is non-ideal
however, in that the use of an optical pulse sequence spanning a ~100 ps time aperture
results in significant spectral broadening. The optical bandwidth in our system is
limited to ~30 nm by our erbium-doped fiber amplifiers. Over the specified range
of pulse shaping lens position, the imposed frequency modulation varies between
~ +.3 nm/ps. The result is that pulses in this sequence are modulated near the
edge of the optical spectrum and the entire sequence is temporally-apertured by the
optical spectrum of the amplifiers. In the end, this effect is quite difficult to separate

from the predicted broadening of the pulse shaping temporal window. One could also
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envision performing the same measurement for a small imposed frequency modulation;
however, the broadening effect is quite small in this regime, which again frustrates
the fitting process. The Gaussian fits to the temporal window exhibit no significant
broadening in practice. Thus, this phenomena stands as a prediction. Should one
desire to measure this effect in the future, broadband, gain-flattened amplifiers could

be employed to remove spectral time-aperture effects.

2.6 Implementation of the 1.5 ym DST Pulse Shaper and Burst Optical

Packet Generation

The goal of DST pulse shaping is generation of high-rate optical pulse sequences.
Fourier transform pulse shaping [1] is a commonly accepted method for generating
nearly arbitrarily shaped optical waveforms, including high-rate pulse sequences. De-
spite the success of FT shaping, however, the method suffers from the complexity of
calculating the requisite Fourier transform when generating high-rate pulse sequences
in real time. This complexity is removed in DST pulse shaping where there exists a di-
rect mapping from a spatially-patterned short pulse input to the time-domain optical
waveform. Functionally, the DST shaper acts as an optical parallel—to;serial converter
for a spatially-patterned short pulse input as illustrated schematically in Figure 2.1.
The temporal output of the shaper is controlled through simple manipulation of the
applied spatial pattern at the pulse shaper input.

In this work, we demonstrate significant improvements upon the basic grating -
lens - slit implementation of the DST pulse shaper. In previous work, the temporal
window is limited by the finite size of the slit used to sample the pulse shaper output
and the free-space system is not easily compatible with optical fiber-based systems.
Additionally, the use of an amplitude mask and cylindrically focused input beam led to
roll-off effects in the measured temporal output of the pulse shaper. We have included
several novel features in our current DST pulse shaper to address these concerns. We
have moved this work to the 1.5 um optical communication wavelength band, where
a variety of fiber-based sources are available to be used as the input to our pulse

shaper. Specifically, we aim for an apparatus compatible with high repetition-rate
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Fig. 2.12. Experimental setup for our 1.5um pulse shaping experiments.
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sources, such as picosecond sources operating at 10 GHz, which will allow generation
of continuous optical pulse sequences at rates in the 100 GHz range. To this end, we

demonstrate the apparatus illustrated in Figure 2.12.

The output from a passively modelocked Erbium fiber laser [25], providing 100
fs pulses at a 50 MHz repetition-rate, is amplified in an erbium-doped fiber amplifier
(EDFA), collimated with a fiber-pigtailed collimating lens, and used as the input to
our system. After collimation, the short pulse input beam is spatially patterned via
a diffractive optical element and subsequent spatial mask and the resulting spatial
pattern is used as the pulse shaper input. A 600 1/mm low polarization-dependent loss
(PDL) diffraction grating, which reduces the system PDL to ~.1dB, and 15cm focal
length achromat lens form the basis for the pulse shaper. A 4x telescope, consisting
of -2.5 cm and 10 cm focal length lenses, is inserted between the output plane of
the basic DST shaper and the single-mode optical fiber (Corning SMF-28), which
replaces the thin slit used in previous work [7, 8, 13], and serves as the fiber-coupled
output of our system. The output from the pulse shaper is subsequently amplified
by another EDFA and the output optical pulse sequences are measured via intensity
cross-correlation with an ultrashort reference pulse from the source laser. For our
apparatus, the space-to-time conversion constant is ~3.1 ps/nm, as determined by
the 600 1/mm diffraction grating, 12° incident angle, and a center wavelength of ~1558
nm. For a detailed schematic of the apparatus, including all relevant distances and

focal lengths, please reference Figure 2.13.

One very significant difference in the current pulse shaper implementation, com-
pared to that of previous work, is the manner in which the requisite spatial patterning
is achieved. 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 the output temporal waveform. When an am-
plitude mask is used to pattern a cylindrically focused Gaussian beam [7, 8, 13], 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
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Fig. 2.13. Detailed schematic of the 1.5 ym DST pulse shaper.

input beam which is blocked by the mask results in decreased system throughput.
To achieve nearly equal-amplitude temporal features and increase the patterning ef-
ficiency of our pulse shaper, spatial patterning is now accomplished using diffractive
optical elements (DOEs) [26, 27]. These devices provide periodic spatial patterns
which are further manipulated using an amplitude mask, allowing either periodic

optical pulse sequences or optical data to be generated in the pulse shaper.

Our DOEs (custom devices, INO, Quebec, Canada) are binary, phase-only masks
designed to divide the power from a single input beam equally into multiple output
beams. These DOEs function as 1-D spot generators and produce patterns ranging
from 8 - 21 spots, providing a variety of input patterns for our pulse shaper. Examples
of several odd-order patterns are shown in Figure 2.14. These patterns were taken by
a spatial profilometer and represent the patterns just prior to the diffraction grating.
Note the small zero-order diffraction spots at z = 0 in the traces. These are most
likely due to an error in phase step in our elements, which causes decreased diffraction
out of the zero-order (incident) beam and can be blocked from the DST shaper input if

so desired. Alternatively, patterns using the even-order diffraction spots may be used,
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Fig. 2.14. Spatial profilometer measurements of representative DOE patterns.
Clockwise from the top left : 8, 16, 20, and 10 spot patterns.
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Fig. 2.15. Spatial profilometer measurements of representative DOE patterns.
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in which case there is a slight amplitude difference in the zero order diffraction spot.
Spatial profilometer measurements of several even-order patterns are shown in Figure
2.15. When using an even-order pattern as the pulse shaper input, the central zero-
order spot can be attenuated if so desired. As is clearly illustrated, the DST shaper
input consists of a series of nearly equal intensity spots, effectively removing the time-
aperture effect. Subsequent to the DOE, individual spots in the periodic patterns
may be blocked to create optical data packets or otherwise desirable input patterns.
Figure 2.16 clearly illustrates the mapping from space to time. The bottom trace
shows the pulse shaper output as measured by optical intensity cross-correlation with
a ultrashort reference pulse from the source laser. The pulse shaper output consists
of a series of ten pulses at ~92 GHz as determined by the space-to-time conversion
constant of ~3.1 ps/mm and the ~3.5mm spot spacing in the input pattern. The
temporal output is found to exhibit nearly equal amplitude pulses enabled by the
use of a DOE for pattern generation. Our new spatial patterning technique clearly_
removes time-aperture effects stemming from Gaussian illumination of an amplitude

mask in previous work and increases the system patterning efficiency.

As mentioned previously, the intended application of our DST pulse shaping ap-
paratus is generation of high-rate optical data packets in the 1.5 um wavelength band.
Specifically, we aim to utilize the shaper, in conjunction with a high repetition-rate
laser source, to generate continuous optical data at rates of ~100 GHz. To illustrate
the optical packet generation concept, as a prelude to our work in continuous optical
pulse sequence generation, consider Figure 2.17. As discussed earlier in this section,
the DOEs used as the bases for our spatial patterns produce periodic spatial patterns
ranging from 8-21 spots. By design, several of these patterns occupy the same spa-
tial extent at the grating, but exhibit different spatial periods. The resulting optical
packets, after space-to-time conversion, then all span a time aperture of ~104 ps,
but exhibit different pulse rates. The time aperture of ~104 ps is determined by the
~33.6 mm pattern size at the grating and the space-to-time conversion constant of

~3.1 ps/mm. In (a), the 8 spot spatial pattern, with a period of ~4.8 mm, results
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Fig. 2.16. Example of space-to-time mapping. (a) 10 spot spatial pattern just prior
to the diffraction grating. The spot-to-spot spacing is ~3.5 mm. (b) Optical
cross-correlation of the DST output for the pattern shown in (a). Given the

space-to-time conversion constant of ~3.1 ps/mm and the spatial pattern above, the

result is a ~92 GHz optical pulse sequence.

in an 8 pulse sequence with a pulse rate of ~67 GHz after space-to-time conversion.
Similarly, the 9 pulse, ~76 GHz sequence of (b) results from a 9 spot pattern, with
a spatial period of ~4.2 mm, applied to the pulse shaper input. The 10 and 11 pulse
sequences shown in (c) and (d), with pulse rates of ~85 and ~96 GHz, are generated
from spatial patterns with spatial periods of 3.73 and 3.36 mm, respectively. These
pulse sequences also illustrate the difference in even- and odd-order diffraction pat-

terns generated by our DOEs. As in Figure 2.16, the pulse sequences of (a) and (c)
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Fig. 2.17. Burst periodic pulse sequences from the DST pulse shaper.(a) - 8 pulses
at ~67 GHz. (b) - 9 pulses at ~76 GHz. (c) - 10 pulses at ~85 GHz. (d) - 11 pulses
at ~96 GHz.
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Fig. 2.18. Burst ~100 GHz data. By blocking individual spots from the optical
pulse sequence of Figure 2.17 burst optical data packets are generated in the DST.

are generated from DOEs which utilize the odd diffraction orders (1,43, 45, etc)
to generate the spatial pattern. For these patterns, the slight error in phase step,
along with the binary nature of the phase gratings, leave a residual amount of the
incident power in the zero-order (undiffracted) spot. After space-to-time conversion,
this results in a small pulse at time ¢ = 0 in the measured optical pulse sequences.
This effect is also present in the patterns based on the even-order diffraction spots
(0, £2, £4, etc), however, since the zero-order is actually part of the desired pattern,
this spot exhibits slightly higher intensity than the other orders. The result is that
the optical pulse generated from this spot in the pulse shaper exhibits a slightly larger

amplitude than others in the sequence, as illustrated in (b) and (d).
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To generate optical "data” packets from these periodic optical pulse sequences, we
need to remove individual pulses in the sequence to encode the optical data. Given
the straight-forward mapping from space to time in the pulse shaper, this is easily
accomplished by blocking individual spots in the periodic spatial input patterns.
Three optical data packets generated in this manner are shown in Figure 2.18. To
generate these optical data packets, individual spots in the spatial pattern used to
generate the ~96 GHz sequence of Figure 2.17 (d) were blocked, subsequent to the
DOE, with a fixed amplitude mask. While a fixed mask has been utilized here, a
spatial light modulator (such as the liquid crystal modulators frequently used in FT
pulse shaping [28]) could be used to dynamically change the input spatial pattern
via computer control. High-speed optoelectronic modulator arrays could also find
application here and will be discussed further in the following section.

We have demonstrated generation of high-rate, amplitude-equalized optical pulse
sequences over a time aperture in excess of 100 ps and at rates approaching 100 GHz.
This is accomplished through a novel direct space-to-time pulse shaper, constructed
for the first time in the 1.5 pum optical communications wavelength band. Novelties
in our pulse shaping apparatus, including a telescopic configuration and the use of
diffractive optical elements for spatial pattern generation, have enabled this operation
through minimization of several time-aperture effects. These optical pulse sequences
are, however, burst sequences. Each pulse sequence, spanning a ~100 ps time aper-
ture, is generated from one source pulse and these sequences then repeat at the source
repetition rate of 50 MHz. Thus, the bursts are effectively isolated in time. These
burst optical pulse sequences are of fundamental importance for continuous optical
pulse sequence generation. Generation of such sequences will be discussed in the

following section.
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2.7 Continuous 100 GHz Optical Pulse Sequence Generation

The intended application for our system is optical packet generation at rates in
excess of the current commercial state-of-the-art of 40 GB/s. Several techniques with
this aim have been demonstrated, for example the interleaving of identical lower-rate
(ie. 10Gb/s) data streams common in OTDM systems experiments [29, 30] and
the use of fiber Bragg gratings [31, 32] to generate high-rate fixed pulse sequences.
These techniques, however, suffer from strict synchronism requirements and lack re-
programmability, respectively, when considered for real systems. Generation of opti-
cal data packets spanning 100 ps frame through DST pulse shaping, when combined
with a source of comparable pulse period and high-speed modulator arrays avoids
both of these concerns. Reprogrammability is addressed through simple changes in
the applied spatial pattern to the pulse shaper while synchronous operation is ensured
through the physics of the pulse shaping apparatus. In this section we présent our
work on generation of continuous optical pulse sequences at rates of 100 GHz, aimed

at reprogrammable optical packet generation.

In this work, we replace the passively modelocked erbium fiber laser(25] (~100fs
pulses, 50MHz) with an actively modelocked telecom source [10] which provides ~1
ps pulses at a rate of 10 GHz. The goal here is to generate pulse sequences, ‘spanning
a 100 ps frame, from each source pulse and stitch these frames together to form
continuous optical data. In the simplest case, this amounts to rate-multiplying our
10 GHz source up to 100 GHz. To illustrate this concept, consider Figure 2.19 which
shows an optical cross-correlation measurement of an series of ~88 GHz optical pulse
bursts. Here, each frame of eight pulses is generated from a single source pulse, with
the boundaries between adjacent frames delineated by a dashed line. The frames then
repeat at the source repetition-rate of 10 GHz. To achieve the goal of a continuous
100 GHz pulse train, there are several items which need to be addressed given the
data. of Fig. 2.19. First, there is an obvious stitching error between adjacent frames
- for a continuous 100 GHz train we need the pulse-to-pulse spacing within a single

frame to be 10 ps and the frame duration (as well as the laser pulse period) to be 100
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Fig. 2.19. ~88 GHz optical pulse sequences. Here, each burst of eight pulses is
generated from one source pulse, arriving each 100 ps. The stitching error at the
frame boundaries (dashed lines) is a result of the mismatch between the source
pulse period and the duration of the optical pulse sequence. Timing jitter in the
source laser is seen to degrade the extinction between neighboring pulses in the
optical cross-correlation measurement.
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Fig. 2.20. Continuous 100 GHz pulse train. Compared to the pulse bursts illustrated

in Fig. 2.19, the stitching error between frames has been minimized through proper

choice of the optical pulse sequence duration. Additionally, reduction in the source
timing jitter (<200 ps from ~1.4 ps) gives 100 % extinction between pulses.

ps. Additionally, the extinction between pulses is observed to be less than optimal.
Appropriate choice of spatial input pattern to the DST shaper alleviates stitching
concerns. By replacing the spatial pattern used to generate the above pulse sequence
with one giving pulse sequences exhibiting 10 ps pulse spacing after space-to-time
conversion, we obtain a continuous 100 GHz optical pulse train as shown in Figure
2.20. The extinction is also observed to be 100%, due to minimization of timing jitter

in our 10 GHz source, which has been reduced from ~1.4 ps to less than 200 fs.

To encode optical data onto this pulse train, we need only alter the spatial pat-

tern applied to the pulse shaper input. To keep the overall pulse rate, we block
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Fig. 2.21. 100 GHz optical data. Data packets spanning 100 ps, with pulse rates of
100 GHz, are generated from each source pulse. The optical data is arbitrary within
each frame (dashed lines) and is repeated at the source repetition-rate.
Incorporation of a high-speed optoelectronic modulator array would allow
reprogramming on a frame-by-frame basis.
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individual spots in the input spatial pattern used to generate the pulse train of Fig.
2.20. Examples of optical data generated in this manner are shown in Figure 2.21.
The data within a single frame, again separated by the dashed lines, is arbitrary
and repeats at the source repetition-rate. To achieve electronic control over the data
within a frame we note the fixed mask could be replaced with a spatial light modula-
tor, such as a liquid crystal modulator frequently employed in Fourier pulse shaping
experiments(1], allowing the spatial pattern and, hence, pulse shaper output to be
altered via computer control. With the inclusion of high-speed optoelectronic modu-
lator arrays operating at the source repetition-rate of 10 GHz, optical data could be
reprogrammed on a frame-by-frame basis enabling generation of truly independent

optical data at rates of 100 Gb/s.
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3. PHOTONICALLY ASSISTED GENERATION OF
ARBITRARY MILLIMETER-WAVE
ELECTROMAGNETIC WAVEFORMS VIA DIRECT
SPACE-TO-TIME OPTICAL PULSE SHAPING

3.1 Introduction and Motivation

The emerging area of microwave photonics, which exploits optical techniques to
generate, measure, and transmit microwave and millimeter-wave analog data, has
seen much growth over the past several years. Various methods for photonic analog-
to-digital conversion have been demonstrated utilizing several optical time-division
demultiplexing schemes [33, 34] in addition to time-stretching techniques [35] with
the goal of measuring electronic signals in the microwave and millimeter-wave range.
Fiber-wireless systems [36, 37] have also been demonstrated for optical transmission of
electrical signals in the millimeter-wave band. Optical generation of electromagnetic
waveforms in the GHz and multiple tens of GHz range, specifically arbitrarily shaped
waveforms, is an area which warrants further exploration.

Arbitrarily shaped millimeter and microwave waveforms could find applications
in a variety of radio-frequency (RF) communications systems, including ultrawide-
bandwidth (UWB) [38], secure, and multiple-access systems, in addition to other
areas such as electronic countermeasures and pulsed radar [39]. Current commer-
cial electromagnetic arbitrary waveform generation (AWG) technology is, however,
limited to the range below ~ 2 GHz. Novel optical techniques for generation of ar-
bitrarily shaped electromagnetic waveforms could remarkably improve the current
state-of-the-art in millimeter-wave and microwave AWG. Recently, several techniques

have been demonstrated for generation of narrow-band electromagnetic signals in the
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1 - 10 GHz range. A system employing a tunable laser diode source, electro-optic
modulator and fiber delay lines has been demonstrated to produce tunable RF radia-
tion from 550 MHz - 9 GHz through RF interference [40]. In addition, a modelocked
laser diode, combined with a wavelength division de-multiplexing technique has been
demonstrated to produce narrow-band electromagnetic signals, in the 12.4 - 37.2
GHz range, through beating of different longitudinal laser modes. This techniques
also allows individual longitudinal modes of the laser to be independently phase- or
amplitude-modulated allowing arbitrarily shaped beat signals to be generated [41].
Another optical heterodyne scheme, based on microchip lasers has also been demon-
strated to produce electromagnetic radiation at ~8 GHz, with possible extension into
the millimeter-wave range [42]. Various other techniques for generation of millimeter-
wave electromagnetic signals, including subharmonic injection locking [43, 44] and
fiber Bragg grating based techniques [45], have been demonstrated. Additionally,
novel techniques such as optical rectification in a nonlinear photonic crystal [46] have
been proposed for coherent microwave and millimeter-wave signal generation. These
techniques, while producing spectrally pure electromagnetic radiation, are narrow-
band techniques, allowing modulation of the GHz waveforms over many cycles of the
underlying periodic signal. Recently, a wide-band phase-modulated waveform in the
low (~6) GHz range has been demonstrated through a wavelength-division multi-
plexing scheme combined with a series of optical delay lines used to create an optical
pulse sequence to drive a photodiode [47]. This technique, while demonstrating cycle-
by-cycle generation of electromagnetic waveforms, suffers from the need to tailor the
fiber delay lines to each specific waveform. Consequently, reprogrammability is not

easily achieved.

In this chapter, an overview of our work in photonically-assisted generation of
broadband electromagnetic waveforms is presented. Our technique, based on direct
space-to-time optical pulse shaping [48], enables generation of arbitrarily shaped,
phase-, and frequency-modulated waveforms at center frequencies up to ~50 GHz.

The focus of this work is generation of these millimeter waveforms on a cycle-by-cycle
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basis instead of through narrowband modulation techniques [40, 41]. In contrast to
other cycle-by-cycle techniques [47], our technique is inherently reprogrammable given
our direct space-to-time pulse shaper, with waveform alterations induced through
simple changes in the pulse shaper input. Generation of arbitrary burst [11] and
continuous [12] electromagnetic waveforms in the 30 - 50 GHz range will now be

discussed.

3.2 Experimental Concept

The concept of our experiment is to exploit our direct space-to-time pulse shaping
apparatus which enables generation of optical pulse sequences at rates approaching
~100 GHz [49]. Through high-speed optical-to-electrical (O/E) conversion, the pulse
sequences from our pulse shaper are converted to millimeter-wave electromagnetic
waveforms. The concept of using shaped optical pulses to generate electromagnetic
waveforms has previously been demonstrated in our group, where freely propagating
THz waveforms were generated from photoconductive antennae driven by optical
pulses shaped in a Fourier transform (FT) shaper [50]. To extend this concept to
generation of waveforms in the multiple tens of GHz range, we replace the FT shaper
with our novel DST pulse shaper, which provides the 100+ ps temporal window
necessary for generation of multi-cycle waveforms in the GHz range. Additionally,
O/E conversion is now accomplished through a high-speed photodiode which replaces
the photoconductive antennae used previously. These changes enable cycle-by-cycle
generation of electromagnetic waveforms which effectively fill the frequency void in

previous results [47, 50].

Optical Pulse 60 GHz 50 GHz Sampling
Sequences Photodiode Oscilloscope
Direct ) _ MM-Wave
Modelgcked Laser » Space-to-Time ;Optlcgl-to-Erltectrlca!} > Electrical
ource Pulse Shaper onverer Waveforms

Fig. 3.1. Schematic diagram of our millimeter-wave AWG experiments.
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A general block diagram of our experiment is shown in Figure 3.2. The short-
pulse output from one of several modelocked erbium fiber lasers (the specifics of
which will be discussed in the following sections) is converted into arbitrary optical
pulse sequences in the DST pulse shaper. These optical pulse sequences are then
down-converted to millimeter electromagnetic waveforms through O/E conversion in
a 60 GHz photodiode. The resulting waveforms are measured on a 50 GHz sampling
oscilloscope. Here, the limited bandwidth of the electrical system suppresses har-
monics in the optical pulse sequences - effectively converting isolated optical pulse

sequences into smooth millimeter-wave sinusoids.
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3.3 Burst Arbitrary Millimeter Waveform Generation

This section discusses generation of burst millimeter waveforms at center frequen-
cies approaching 50 GHz [11]. In these experiments, the source laser is a passively
modelocked Erbium fiber laser [25] which provides ~300 fs pulses at a rate of 40 MHz.
Each source pulse is converted to an optical pulse sequence spanning a time aperture
>100 ps in the DST shaper which is subsequently converted into an electromagnetic

waveform by the high-speed photodiode.

For these experiments, periodic spatial patterns (similar to the one shown in Fig.
2.16) consisting of 20 and 16 spots are used as the DST input. The choice of patterns
is based on the desired pulse repetition-rate out of the pulse shaper. Our electrical
system bandwidth is limited by the speed of the 60 GHz photodetector and 50 GHz
sampling oscilloscope, so it is desirable to generate pulse sequences with center fre-
quencies below 50 GHz to remain in the bandwidth of the electrical system. A spatial
mask is now used to manipulate the pericdic patterns created by the DOE. This mask
is designed to manipulate the pulse position and / or spacing depending upon the
output millimeter waveform which is desired. For the first set of measurements, every
second input spot was blocked in these 20 and 16 spot patterns, yielding periodic
spatial patterns with periods of 7 mm and 8.75 mm, respectively, at the diffraction
grating. The space-to-time conversion constant of v/a ~ 3.1 ps/mm of our pulse
shaper predicts output pulse sequences with repetition rates of ~48 and ~38 GHz,
respectively, for these spatial input patterns. When these pulse sequences are mea-
sured with our electrical system, the millimeter-wave electrical output waveforms are
found to be good sinusoids, as illustrated in Figure 3.2. Agreement with 48 / 38
GHz sinusoidal fits is found to be quite good, and the waveforms are quite smooth
in nature, which is in stark contrast to the driving optical pulse sequences (bottom
trace).

Our method provides not only the ability to synthesize periodic millimeter wave-
forms, but also enables us to introduce a phase-shift in these waveforms by controlling

the temporal position of pulses in the driving optical pulse sequence. Figure 3.3 shows
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Fig. 3.2. (a) 48 GHz and (b) 38 GHz sinusoidal millimeter waveforms. The shape of
these waveforms is found to be a good sinusoid, in contrast to the driving optical
pulse sequence (bottom trace).

examples of millimeter-wave phase modulation. The top waveform is the same 48 GHz
signal shown in Fig. 3.2(a). For the subsequent traces, a m phase shift is induced by
changing the temporal position of pulses in the driving optical pulse sequence. These
phase shifts can be seen quite clearly by comparing the relative positions of the peaks
and nulls of each waveform. Relative to the first peak in the waveform, the phase
shift occurs after 1, 1.5, and 2 complete 48 GHz cycles. For example, in the second
trace the optical pulses driving the photodetector occur at approximately -60, -40,
-10, 10, 30, and 50 ps respectively. The extra 10 ps temporal shift between pulses 2

and 3 induces a 7 phase shift in the output millimeter waveform.

We have shown that we are able to achieve phase modulation by controlling the
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Fig. 3.3. Examples of millimeter-wave phase modulation. A phase shift can be
introduced in the millimeter-wave electrical signal by controlling the position of
pulses in the driving optical waveform.

temporal position of pulses in the driving optical pulse sequence from our DST shaper.
We now illustrate that by controlling the temporal spacing of pulses in our driving
optical pulse sequence, we are able to achieve frequency modulation of the output
millimeter waveform. Here we exploit the limited bandwidth of the electrical system
and the ability to control the pulse spacing in our driving optical pulse sequence to
achieve frequency modulation in the 20 - 50 GHz range. An example of our frequency
modulation data is shown in Figure 3.4. The top trace (a) is a measured millimeter
electrical waveform with a center frequency of 48 GHz which then abruptly shifts
to 24 GHz for the last several cycles. This waveform is found to agree quite well

with a sinusoidal fit exhibiting the same frequency modulation. The key to obtaining
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Fig. 3.4. Example of millimeter-wave frequency modulation. The frequency of the
electrical waveform can be controlled by controlling the spacing of pulses in the
driving optical pulse sequence. (a) Measured millimeter-wave signal (red) and 48 /
24 GHz sinusoidal fits (green). (b) Optical cross-correlation of the driving optical
pulse sequence.

frequency modulation in our experiments is to use pulses which are spaced too closely
to be individually resolved by the photodiode. The optical waveform used to drive
the photodiode is shown in trace (b). Here the first three pulses occur at 48 GHz
and are followed by two pulse pairs. These pulse pairs repeat at 24 GHz, however,
the pulse spacing within the pairs is ~ 10 ps (~100 GHz), which is too close for the
individual pulses to be resolved by the detector. It is clear from the driving optical
pulse sequence shown in Fig. 3.4(b) that these pulses pairs have a smaller pulse

amplitude than the individual pulses driving the 48 GHz portion of the waveform.
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We observe that when the pulse pairs are of the same amplitude as the preceding
single pulses, the 24 GHz cycles of the waveform exhibit a larger amplitude than the
preceding high frequency cycles. This can be explained in part by the electrical system
response which is greater at 24 GHz and that the detector is responding to roughly
twice the energy as for a single pulse. These pulse pairs are therefore purposely
attenuated to attain lower frequency cycles of the same amplitude as the preceding
higher frequency cycles. For comparison, Figure 3.5 shows the driving optical pulse
sequence and output electrical waveform without (a) and with (b) manipulation of
the optical pulse sequence. The equalization operation is shown schematically in
Figure 3.6. In this manner, the shape of the electrical waveform may be tailored as
desired, for example equalized, by appropriate pre-distortion of the driving optical

pulse sequence based on the electrical measurement.

To illustrate the broadband nature of our burst waveforms, we present RF power
spectra for several of these waveforms in Figure 3.7, calculated by performing a Fourier
transform of the time domain data. The spectrum for the 48 GHz sinusoidal burst
of Fig. 3.2 is shown in (a). The spectrum is found to have a center frequency of
~48 GHz and a bandwidth of ~7 GHz, as determined by the approximately 130 ps
duration of the waveform. In (b), the spectrum of the frequency-modulated waveform
of Fig. 3.4(b) is presented. Here, the spectrum shows features at 24 and 48 GHz as
expected and dramatically illustrates the broad bandwidth of our waveforms, with

non-zero spectral content over the range of ~15 - 60 GHz.

The output millimeter-wave signal from our system can be predicted from convolv-
ing the measured electrical impulse response shown in Figure 3.8 with the measured
optical cross-correlation of the driving optical pulse sequence. Figure 3.9 shows sev-
eral examples of these predictions. In Fig 3.9(a) the measured 48 GHz signal (red)
shows excellent agreement with the signal predicted by the convolution of the electri-
cal system impulse response and the optical cross correlation data (bottom trace Fig.
3.2(a)) for the pulse sequence used to generate this signal. Similarly, the frequency

modulated waveform predicted in this manner (blue) also agrees quite well with the
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Fig. 3.5. Effect of pre-distortion of the optical pulse sequence on the measured
electrical waveform. By purposely attenuating the pulse pairs in the optical
waveform we obtain frequency modulated waveforms with equalized amplitude
features.

DST .
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—> Pulse ———>| O/E
Laser Shaper Measurement
A

________________________________________

Fig. 3.6. Tailoring of the electrical waveform. Predistortion of the driving optical
pulse sequence based on the electrical measurement allows the electrical waveforms
to be shaped as desired.
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Fig. 3.7. Calculated RF power spectra for (a) 48 GHz sinusoidal burst and (b) 48 /
24 GHz frequency-modulated burst waveform.

waveform which is experimentally measured. This prediction method would also work
if the optical pulse sequence is simulated by a series of § functions whose amplitudes

are weighted by the energy in each pulse of the driving optical waveform.

The waveforms generated in this experiment exhibit amplitudes of roughly 3mV
peak-to-peak, which is determined by the optical excitation power and the efficiency of
the 60 GHz photodiode. For these experiments, the average input optical power to the
system is approximately 1 mW (0 dBm). The average output power from the system
is approximately -46 dBm. From previous work [8], we expect a loss of ~30 dB in the

shaper arising from the ~300 ps output temporal window and ~300 fs input pulse
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Fig. 3.8. Electrical system impulse response.

width - the additional loss in our system is due mostly to non-optimized coupling to
the output fiber in the vertical (non-shaped) direction and optimization of the spatial
pattern in the shaper. The pulse shaper output is amplified by approximately 13 dB
in an erbium-doped fiber amplifier prior to measurement with the photodiode. The
average incident power on the photodiode is then ~ -33 dBm (~0.5 uW). Since the
energy is generally distributed over a 6 optical pulse sequence that repeats at the
40 MHz repetition rate of our source laser, the average energy per pulse is ~2.0 f£J.
The electrical impulse response is approximately 13 ps FWHM and the responsivity
of the photodiode is ~0.3 A/W. As a result, the measured electrical waveforms show
peak voltages in the ~3 mV range when measured on our sampling oscilloscope (50 Q

impedance). If applications require larger amplitude signals, either increased optical



Fig. 3.9. Predicted waveforms based on the convolution of the electrical system
impulse response (Fig. 2.6) and the measured optical pulse sequence. (a) Measured
(red) and predicted (blue) 48 GHz sinusoidal signal. (b) Measured (red) and

~ predicted (blue) frequency-modulated millimeter waveform.

excitation power or wideband electrical amplification could be used to increase the

electrical signal level.

The following section will discuss generation of continuous millimeter waveforms

enable by the inclusion of a high rep-rate telecom source laser.
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3.4 Continuous Periodic Arbitrary Millimeter Waveform Generation

The preceding section details the generation of arbitrarily phase- and frequency-
modulated burst waveforms in the multiple tens of GHz range. The burst nature of
these waveforms is determined by the laser source used as the input to our system.
Thus far, our waveforms span a time aperture in excess of 100 ps and repeat at
the source repetition-rate of 40 MHz, so they are essentially isolated in time. For
applications requiring higher data rates, it is desirable to have waveforms which are
continuous in nature, i.e., shaped electromagnetic waveforms which repeat at period
approaching the pulse shaping window. Generation of continuous millimeter-wave

signals [12] will now be discussed.

To move towards generation of continuous waveforms, we have replaced the pas-
sively modelocked fiber laser with an actively modelocked fiber source [10] which
provides ~1 ps pulses at a repetition-rate of 10 GHz. The goal here is to combine our
ability to generate electromagnetic waveforms over a ~100 ps frame with a source of
comparable pulse period to generate continuous millimeter waveforms. The idea is
to create an arbitrarily shaped millimeter waveform, spanning this frame, from each
source pulse and then stitch these waveforms together to form a continuous signal.
To illustrate this concept, consider Figures 3.10 and 3.11. Here, the pulse sequences
of Figure 3.10 generate the electrical waveforms of Figure 3.11 after O/E conversion.

In Fig 3.10 (a), a frame consisting of 4 pulses at ~40 GHz is generated in the DST
shaper from each pulse from the source. The boundary between adjacent frames is
delineated by the dashed line. After O/E conversion, the ~40 GHz electrical wave-
form of Fig. 3.11 (a) results. Similarly, the phase modulated waveforms of Fig. 3.11
(b), (c) are generated from the pulse sequences of Fig. 3.10 (b), (c). In (b), an extra
~12.5 ps delay is added after the second pulse in the driving optical pulse sequence.
This extra delay results in a 7 phase shift following the second cycle of the electri-
cal waveform. Similarly, the shift in (c) is generated by driving the third electrical
cycle with a single 80 GHz pulse pair. The concept of stitching together frames is

clearly demonstrated here; however, the need to match the waveform duration and
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Fig. 3.10. Optical cross-correlation traces of ~ 40 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 an extra ~12.5 ps delay introduced
after the second pulse in each frame. (c) 40 GHz sequence with a 80 GHz pulse pair
introduced following the second pulse in the sequence.

the source repetition rate is also illustrated. If we wish to achieve continuous wave-
forms, the pulse sequence duration from the DST shaper and, hence, the duration of
the electrical waveform must be chosen such that the frames join appropriately at the
frame boundary. For example, consider the pulse sequence and electrical waveform
of (a). There is an obvious stitching error at the frame boundary which results from

a mismatch in frame duration and the source pulse period. This leads to a small
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Fig. 3.11. Electrical waveforms resulting from O/E conversion of the pulse sequences
of Fig. 3.10. (a) Nearly continuous 40 GHz sinusoid. (b) 40 GHz phase-modulated
waveform exhibiting a 7 phase shift after the second cycle in each frame. (c)
Modulated waveform showing a phase shift midway through the third cycle.

phase shift at the frame boundary in the electrical waveform. To match the electrical
waveforms at the frame boundaries and remove this error, the duration of the driving
optical pulse sequence must be chosen appropriately. To change the duration of the
optical pulse sequence, we simply change the periodic spatial pattern applied to the
pulse shaper input. One proper choice of spatial pattern leads to a pulse sequence
from the DST where the pulse-to-pulse spacing is 20 ps and the frame duration is 100
ps, resulting in a continuous 50 GHz optical pulse sequence with negligible stitching

error between adjacent frames. This continuous pulse sequence is illustrated in Fig-
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ure 3.12 (a). After O/E conversion, the measured electrical waveform is seen to be a
smooth ~50 GHz sinusoid, as illustrated in Fig. 3.13 (a). Here, the stitching error
apparent in Fig. 3.11 (a) has been effectively eliminated.
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Fig. 3.12. Driving optical pulse sequences used to generate continuous millimeter
waveforms. (a) 50GHz optical pulse sequence. (b) Pulse sequence exhibiting an
extra 10 ps delay after the first and third pulse in each frame. (c) 100 GHz pulse
pair followed by three pulses at 50 GHz, which repeats every 100ps.

We are also able to achieve phase and frequency modulation in the same manner
as previously demonstrated with burst waveforms. For example, an extra 10 ps delay
is introduced after the first and third pulses in the optical pulse sequence of Fig.
3.12(b) which results in a 50 GHz sinusoid exhibiting a 7 phase shift after the first
and third cycles in the electrical waveform (Fig. 3.13(b)). Similarly, by introducing
a single ~100 GHz pulse pair (Fig. 3.12(c)), a single 25 GHz cycle precedes three 50
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Fig. 3.13. Continuous millimeter waveforms. Individual waveforms, spanning a
100ps frame as delineated by the dashed line, are stitched together to form
continuously periodic millimeter waveforms. (a) Continuous 50GHz sinusoid. (b)
Periodically phase-modulated waveform exhibiting a 7 phase shift after the first and
third electrical cycles within each frame. (c) 25/50GHz frequency-modulated
waveform. A single 25GHz cycle is induced by a 100 GHz pulse pair (Fig. 3.12(c))
followed by three ~50 GHz cycles.

GHz cycles as shown in Figure 3.13(c).

By matching the ability to form optical pulse sequences over a time aperture >100
ps with a high repetition-rate source, we are able to generate continuous arbitrary
electromagnetic waveforms at center frequencies of ~50 GHz. These waveforms, due
to increased optical excitation power, exhibit peak-to-peak amplitudes of approx-
imately 20 mV. Again, wideband electronic amplification or a further increase in

optical excitation could be used to increase the amplitudes of these signals. We note
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the modulation is arbitrary within one frame and is repeated at the source repeti-
tion rate. Incorporation of a high-speed optoelectronic modulator array for rapid
reprogramming of the spatial pattern at the input of the DST pulse shaper would
allow reprogramming of the optical pulse sequences on a frame-by-frame basis. This
ability would allow generation of arbitrarily shaped millimeter waveforms where the

modulation varies independently from frame-to-frame.
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4. GHZ ELECTROMAGNETIC WAVEFORM
GENERATION VIA DST PULSE SHAPING AND
DISPERSIVE STRETCHING

For certain applications, particularly UWB RF communications [38], it is desirable
to obtain arbitrarily shaped electromagnetic waveforms in the GHz range. Given
the February 2002 ruling by the FCC, a particular frequency range of interest is the
approved UWB 3.1 - 10.6 GHz band. With reaching this particular frequency range in
mind, we now show how to move our electromagnetic waveform generation technique

from the tens of GHz range into the GHz range.

While both FT and DST pulse shaping techniques are capable of generating op-
tical waveforms which span a several hundred picosecond time aperture, achieving
waveforms with nanosecond durations dir_ectly from either pulse shaper is not feasi-
ble. Inclusion of a fixed amount of chromatic dispersion after either shaper, however,
can easily stretch the temporal durations into the nanosecond regime. Recently, a
group at UCLA [51] demonstrated a Fourier pulse shaping technique, combined with
dispersive stretching, to generate RF waveforms in the 1 - 12 GHz range. In this
method, the optical spectrum of a supercontinuum source is amplitude modulated
in a FT pulse shaper [1]. Following the pulse shaper, a length of single-mode op-
tical fiber dispersively stretches the temporal output of the pulse shaper. For large
dispersion, the measured optical waveform after stretching is a scaled version of the
amplitude modulation applied to the optical spectrum. This is equivalent to the
Fourier transform of the pulse shaper temporal output. After O/E conversion, the

measured temporal electrical waveform exhibits the shape of the optical spectrum.

While conceptually similar, the fundamental difference between the FT technique
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[61] and our DST shaping technique [14, 15] is the manner by which the optical
spectrum is modulated and the relation between the pulse shaper temporal output
and the measured electrical waveform. In contrast to direct modulation of the optical
spectrum via a spatial light modulator (SLM) in an FT shaper, the optical spectrum
in our apparatus is modulated by the applied spatial pattern and the physics of the
DST pulse shaping apparatus.

Spectrum ~ Fourier Transform d.=d,=f
of Spatial Pattern 2 1
!

—————— —>
|
I
H fs | A
§<—d1—> +—d,—>

Spatial Pattern m(x) Time

Spectrum ~ Spatial Pattern

A

Fig. 4.1. Frequency modulation in the DST shaper. A quadratic temporal phase is
imparted to the pulse shaper output when dy,ds # f1. For large enough frequency
modulation, the applied spatial pattern is mapped to the optical spectrum at the
output of the DST shaper. This frequency modulation capability, combined with
dispersive stretching, allows the ~100ps optical pulse sequences from the DST to be
stretched to several nanoseconds in duration.

In a DST pulse shaper, the intensity of the output temporal waveform is always
a scaled version of the applied spatial pattern. It has been shown, however, that a
quadratic temporal phase may be imparted to the DST shaper temporal output when
the apparatus is configured appropriately [13] (as in Section 2.4). To illustrate this

concept, consider Figure 4.1. If we assume a perfectly collimated spatial input to the



- 66 -

pulse shaper, the apparatus contributes no quadratic spatial phase when configured
in a "chirp-free”, i.e., d; = dp = f1, configuration. In this particular case, the phase
fronts of both the spatial pattern applied to the grating and the spectrum prior to
the output fiber are flat and the DST shaper does not impart any quadratic phase,
or frequency-modulation to the temporal output waveform. The result is that the
optical spectrum of the pulse shaper output is related to the Fourier transform of
the temporal output as is expected. When the pulse shaping lens is moved from the
chirp-free position i.e., d; # dy # f1, however, the phase-front at the output fiber
now has a curvature, and hence a quadratic spatial phase. Through the physics of
the pulse shaper, this quadratic spatial phase maps to a quadratic temporal phase in

the DST output which is now expressed as

Epsr(t) o e (t) * [m <—%t> e“jAtzj' , (4.1)
where |
_ T fi—do
Aldyd) = Ay? (fldl + fida — d1d2> ‘ (42)

This quadratic temporal phase gives rise to a frequency modulation (FM, in nm/ps)
which, when sufficiently large, maps the applied spatial pattern onto the optical
spectrum. In this case, both the temporal waveform and the optical spectrum are
scaled versions of the applied spatial pattern. Thus, when the DST shaper is followed
by a fixed amount of dispersion as illustrated in Figure 4.2, the optical waveform after
stretching is still a directly scaled version of the pulse shaper temporal output. After
O/E conversion, the electrical waveform is now a stretched version of the pulse shaper
output. The stretching factor is determined by the magnitude of FM imparted by the
pulse shaper and the amount of fixed dispersion. For our system, which employs L ~
5.5 km of Corning SMF-28 (D = 17 ps/nm-km), the stretching factor is approximately
given by

Stretching Factor ~ |FM|-D - L. (4.3)

In our apparatus, a variety of stretching factors are attainable. As the pulse shaping

lens is displaced from the chirp-free position of d; = 15 cm = f; to d; = 11.25 cm, the
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Fig. 4.2. Experimental schematic for GHz waveform generation. Optical pulse
sequences from the DST shaper are temporally stretched by ~5.5 km of single-mode
optical fiber prior to O/E conversion, enabling generation of electrical waveforms
spanning several nanoseconds.

induced frequency modulation is continuously tuned from 0 nm/ps to —0.3 nm/ps.
This variation in chirp gives a stretching factor which varies from 0 to ~28 over this
small range of lens position. For these experiments, an extra telescope (magnification
= 1.1 / 1.5 = ~.147) has been added to the system, prior to spatial patterning. This
broadens the individual features in the pulse shaper output, m(—at/v), roughly by
a factor of 7, while keeping the periodicity the same. This can also be viewed as
reducing the bandwidth of individual features by a factor of ~7. This reduces the
broadening of individual pulses in the stretching operation and, hence increases the

extinction between features in the measured electrical waveforms.

It is interesting to compare our GHz waveform generation concept with that of
temporal imaging [52]. Temporal imaging is accomplished through the combination
of dispersion, quadratic temporal phase modulation, and a second dispersion applied
to an input optical waveform [53]. When the dispersion and phase modulation are
chosen appropriately, the input optical waveform is mapped to an output waveform
which is either temporally expanded or compressed. The key element in these systems
is the quadratic phase modulator, or time lens [54]. Our DST shaper operates as just
such a lens - where the temporal focal length is easily tuned through longitudinal

displacement of the pulse shaping lens.

We now present several examples of GHz waveform generation in our system. As

a first example, the DST lens is positioned to give a FM of ~ -0.22 nm/ps, yielding
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a predicted stretching factor of ~20.57. Experimentally, when a four-pulse sequence
which is 70 ps in duration and has a center frequency of ~50 GHz is generated in the
DST shaper, we expect the optical spectrum to be stretched over approximately 15
nm as determined by the magnitude of FM and the 70 ps pulse sequence duration.

The measured optical spectrum is shown in Figure 4.3. The measured spectrum

AAAA

1530 1535 1540 1545 1550 1555
A (nm)

Fig. 4.3. Mapping of DST input pattern to the optical spectrum. The 4 pulse, 70 ps
duration pulse sequence from the DST is mapped to a 4-feature optical spectrum.
The ~15 nm span shows excellent agreement with that predicted by the imposed

FM of ~-0.22 nm/ps and the 70 ps pulse sequence duration.

spans roughly 15 nm and shows excellent agreement with the predicted value. In
this figure, the applied spatial input to the shaper (and, hence, the pulse shaper
output) is clearly mapped to the optical spectrum. The measured stretched electrical
waveform is found to have a duration of ~1.34 ns - approximately 20x the duration

of the initial waveform. This waveform is presented in Figure 4.4. The duration of
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Fig. 4.4. GHz waveform generation. After passing through ~5.5 km SMF, the ~70 '

ps four-pulse 50 GHz sequence from the DST shaper is stretched ~20x. After O/E

conversion, the measured four-cycle electrical waveform has a duration of ~1.34 ns
and a center frequency of ~2.6 GHz.

the measured waveform shows excellent agreement with the predicted duration, with
the slight discrepancy most likely due to uncertainty in the length of the stretching
fiber.

For a fixed amount of dispersion, in our case D - L = 93.5 ps/nm, the stretch-
ing factor may be tuned simply by changing the position of the pulse shaping lens.
For small changes in lens position, £10% changes in temporal duration are easily
attainable. To illustrate this tunability of the electrical waveform duration a four-
pulse, 100 ps pulse sequence is generated in the DST shaper. This sequence can be
represented as 71 0 0 1 1 17, with "1” representing a pulse in the sequence. In this

sequence, each pulse occupies a 20 ps frame, resulting in a center frequency of ~50
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GHz. The optical spectrum of this waveform, for several different values of frequency

modulation is shown

in Figure 4.5. Again, the 4-pulse sequence mentioned above is

clearly mapped to the optical spectrum and the spectral content again shows excel-

lent agreement with that predicted by the applied FM (as shown above) and the 100

ps pulse sequence du

ration. This waveform, after stretching and O/E conversion, is
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Fig. 4.5. Tunable scaling of the optical spectrum. When a 100 ps optical pulse
sequence is generated in the DST shaper, the optical spectrum after the shaper is
scaled to occupy from 16 - 23 nm of bandwidth. This is accomplished through FM

imposed by simple movement of the pulse shaping lens.

shown for several stretching factors in Figure 4.6. The center waveform, exhibiting a

duration of ~1.8 ns, as measured from the separation of the first and last peak in the

waveform, will be used as the reference. Dividing this sequence duration into five 360

ps frames, the waveform exhibits a center frequency of ~2.77 GHz. To achieve this

waveform, the pulse

shaping lens is positioned with d; = 13.25 ¢cm and dy = 16.75
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cm (please reference Fig. 4.1), resulting in a frequency modulation of ~-0.20 nm/ps
in the pulse shaper. For this value of frequency modulation, the predicted stretching
factor as given by Eq. (4.3) is approximately 18.7. The measured 1.8 ns waveform
shows excellent agreement with this predicted value. Now, by repositioning the pulse
shaping lens, this waveform may be contracted or dilated in time. For example, when
the pulse shaping lens is positioned 5 mm from the reference position (d; = 13.75
cm, dy = 16.25 cm), the top electrical waveform results. The waveform is contracted
from 1.8 ns to approximately 1.5 ns which again shows excellent agreement with the
predicted duration of ~1.49 ns. Again, dividing the waveform duration into five equal
frames, this waveform exhibits a ~ 3.33 GHz center frequency. To dilate the wave-
form, the lens is displaced -2.5 mm from the reference position (d; = 13 cm, dy =
17 cm). In this position, the applied frequency modulation increases in magnitude to
approximately -0.22 nm/ps, yielding a stretching factor of ~20.5. The measured ~2
ns (~2.5 GHz) electrical waveform is shown in the bottom trace. Though we focus
on time-domain waveforms here, it should be noted that the entire broadband RF
spectrum is, in fact, tuned in frequency space. This clearly illustrates how, through
very small adjustments to the pulse shaper, the temporal duration and broadband

RF spectrum of arbitrarily shaped waveforms can easily be tuned over a range greater

than +10%.
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Fig. 4.6. Tunability of electrical waveform duration. For small changes in pulse
shaping lens position, +10 % changes in waveform duration are easily attained.
Above, the electrical waveform is scaled from 1.5 - 2 ns, amounting to a center
frequency variation over the range of ~ 3.3 - 2.5 GHz, for a change in lens position
of 7.5 mm.
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5. SUMMARY AND FUTURE RESEARCH DIRECTIONS

We have demonstrated a novel, direct space-to-time pulse shaper operating for the
first time in the 1.5 xm optical communications band. Through the use of a diffractive
optical element for spatial pattern generation and a telescopic, fiber-coupled config-
uration, we demonstrate, for the first time to our knowledge, pulse shaping over a
temporal window in excess of 100 ps. High-rate, equal amplitude burst opt'ical data
packets, as well as continuous 100 GHz optical pulse sequences generated with this
pulse shaping apparatus could find application in high-speed optical communications
systems.

We also demonstrate this pulse shaping apparatus to be an enabling technology for
generation of arbitrary electromagnetic waveforms in the microwave and millimeter-
wave frequency range. By driving a high-speed optical-to-electrical converter with
appropriately tailored optical pulse sequences from our DST pulse shaper, we obtain
amplitude-equalized broadband burst and continuous millimeter electrical waveforms
at center frequencies approaching 50 GHz. By controlling the position and spac-
ing of pulses in the driving optical pulse sequence, we demonstrate arbitrary phase-
and frequency-modulation of the output millimeter-wave signals. Additionally, by
exploiting the physics of the pulse shaping apparatus and dispersive stretching of the
pulse shaper output, we extend our electromagnetic waveform generation technique
to arbitrary waveforms in the GHz range. We predict our technique, which allows
reprogrammable cycle-by-cycle electrical waveform synthesis, could find application
in a number of RF communication schemes, as well as pulse radar and electronic
countermeasures.

While many novelties have been implemented in our current 1.5 um direct space-

to-time pulse shaper, other additional improvements could further increase the system
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performance for potential applications. In the near term, inclusion of a spatial light
modulator (specifically, an available liquid crystal modulator) will enable the input
spatial patterns, and hence, the output optical pulse sequences to be altered via com-
puter control. This will also enable more thorough equalization of the optical pulse
sequences through finer control of the intensity of the applied spatial pattern. In the
longer term, high-speed optoelectronic modulator arrays, specifically one operating at
a rate of ~10 GHz, will enable the continuous 100 GHz optical pulse sequences to be
reprogrammed on a frame-by-frame basis. This will not only allow generation of truly
independent high-rate optical data, but will allow generation of continuous arbitrary
millimeter waveforms exhibiting independent modulation from frame to frame. For
electromagnetic waveform generation applications, the overall system efficiency could
be improved through the use of high-speed, free-space travelling wave photodetectors
[65]. This would allow the multi-wavelength output capabilities of the pulse shaper
to be used to increase the optical-to-electrical conversion efficiency through use of
multiple output channels driving the same photodiode.

Regarding future applications, there are several specifically in the area of mi-
crowave photonics. Millimeter-wave / microwave generation through the use of pho-
tonic crystals, as proposed in [46], could take advantage of both periodic and aperiodic
tailored optical pulse sequences. Also, high-rate photonic A/D applications could be

demonstrated using high-rate pulse sequences generated in our system.
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A. DIFFRACTION ANALYSIS OF THE TELESCOPIC
DIRECT SPACE-TO-TIME PULSE SHAPER

A.1 Mathematical Relations

This section includes the relevant Fresnel diffraction integrals and lens effects,

Fourier transform definitions, and relations.
A.1.1 Fourier Relations

"The Fourier transform definitions used in the diffraction analysis are shown below.

These were chosen given the convention of e/®t—*2),
1 Ji —jwt :
F(w) = _E dt f(t) e (A1)
1 i Jwt |
f@) = Wr dw F (w) e (A.2)
17 jéo
S = s dz s(z) e (A.3)

17 e
5(z) = ﬁ/ de S (£) ¢ (A.4)

Several Fourier transform relations were also needed during the course of the diffrac-

tion analysis. These, separated by time and space, are given below.

T(t—to) & e X (w) (A.5)

ez (t) & X (w— wp) (A.6)
1 w

olat) & X <E> (A7)

z(—t) & X (-w) (A.8)
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sz — zq)

g ieozg (z)

& & (¢)
& S(€—¢&)

* ()

& 5(=¢)

A.1.2 Fresnel Diffraction

To treat the propagation of a field from one plane in space to another, through a

distance z, the Fresnel diffraction integral [56] is used. The integral is given below.

E(zy) = C, /da:l E’(a:l)e_j%””%ejg””””1

where

(A.13)

(A.14)

(A.15)

In addition to the diffraction integral, the lenses will be treated as thin lenses,

imparting a phase of

i k2

i = e’2r

(A.16)

onto the incident field. The assumption of thin lenses allows the z coordinate before

and after the lens to be set equal.

Also, a useful integral [57]

' (e ¢}
T = /da: ej(a:z,'2+ﬁa:) _ /.ﬂe_jg
(814
—C0

(A.17)

(A.18)

will be used to simplify certain integral expressions in the course of the analysis.
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A.2 Diffraction Analysis of the DST shaper

Please reference Figs. 2.2, 2.3 for the relevant plane and lens definitions used
during the course of this analysis. It is assumed that all distances may vary in this
analysis. We begin by assuming a spatially patterned, monochromatic field s (z) at
plane Py just after the diffraction grating. The inclusion of the short-pulse input
(polychromatic field) will be treated in the following section. The notation E, will
be used to denote the field at plane Pp,.

Propagating this field from Py to P :

E;(z) = C’{e_jﬁzz /dz' s(z") ¢ Ird I (A.19)

Including the phase transformation by L;

~ Now, propagating the field E; from P4 to Py :
Es (z) = CéC{e_j%zz

[e 0] x>
/dm” 6_].%(%_%)18”2/6116’5(11') e It IH T Y i it
(A.21)
Interchanging the order of integration we have
e, 00 , N gk g 0o . _]_(L 1 1)36,,2 ]k(ll-+i”—)x”
Es () = CiChe "% dz’ s(z')e 724 dz" e P\a TR T)T M\ T d
—0o0 —0o0
(A.22)
Performing the integral over z” using the simplification A.18, with
E[1 1 1
a = ——|>—+5—-= A.23
2 (dl do f1> (A-23)
r oz
= k[—+= :
p-k(2+7) (A24)

ek (f1-d1A e o ; LA
Bs (z) = Cp,CyCle % (P75)7 / do' ¢ (z) & F A (A.25)
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where
s (@) = s(z) oIty (B )an (A.26)
_ ft
A = : (A.27)

fidi + fidy — didy
Given the spatial Fourier transform relation A.3, the field just before the output

waveguide (slit) is

Es (z) = V2nCp,CLC|e 75 (7)o (%A1x> (A.28)
ik (fizdAr e (k
Es () = Cpgre /% ("FH™)eg <EA1:E) (A.29)

Now, the telescope after the DST shaper will be treated. Propagating the field
Es (z) from Py to Pg :

E¢ (z) = Cée—j%zzCDST / dz' S’ (]]: Alx) 76 (45
1
Including the phase transformation by Ly

fi1—d1Aq +

E6 (.’IZ) = CCDST@ 'Izc(ds f2 /d SI (fk A1’17> 2( Tidz ) e]'-c—l%x'z

(A.31)
Now propagating the field Eg (z) from Py to Pg :
Es(z) = C,CiCpsre /7™ /oodm"e i§(F+E-%)o" gkes
- o (A.32)
/dx' S’ <f A1x> e 2 Iy
1
Interchanging the order of integration we have
Eg(z) = CiCéCDSTe_j%mz /ooda:’ S’ <JI;A1$) 2(h_fﬁilz—Al'+ ) g
- (A.33)

[o o]
k(1 1 1\ 2 (2 __:g:__) 7
/dx"e 32(d3+d4 fz)aE ejk(d3+d4 z

— o0
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Performing the integral over " using the simplification A.18, with

E/1 1 1

e AL A34
2 <d3 s f2> (4.34)

A
f = k<3;+d—4> (A.35)

. fo—dg A

Es () = Cr,CiCiCpsre 5 (“7%)7 (A.36)
Jar s (Las) cntistssyanars

1

2
As b (A.38)

" fods + fods — dady”
If if the quadratic phase term above is defined to be Py(z),

P (CE) = e_jg(f ;lddzA +4 J:zddsA )mz

(A.39)

Eg (z) is now expressed as

_ s k (fa—dgAg z it , k , koA e
Eg(2) = Cr,CiCiCpsre 7% (“F4)7 /dw S’ (f_A1$> Py (a) €77,
1

(A.40)
Using the spatial Fourier transform relation A.4 and the relation A.11, and the change

of variables

_ k ’ _ ___]f_ ' ro_ _ﬁ
€ = —p ' dE = —gAods! = dof = —de (A.41)
Crafa v [ ae [ (oA
s (z) = fifiqcppg / de {S (—%A—:g> P, ("E% )} e (A.42)
V2 o ik (s [ [ fiA k
Eg(z) = kAT%CFzC4C3CDST€ iat (H5*2) [8 <—%A—j$> *pz(-—gfbxﬂ-

(A.43)

Eg (z) is the field halfway through the telescope. It should be noted that the field

is proportional to a scaled, spatially-reversed version of the initial field just after the
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grating. Now treat the final stage of the telescope, by first propagating the field
Es (z) from Pg to Py :

v an 27 fl 2

Eo (z) = k‘A1 % —=Cr,CiCyCiCpsre 24
/ dz’ e—jﬁ(fz-gylz)x/z ':Sl (_ﬁ&x/) * Do (_£A2I/>} e—j%xlze]’%x/x_ (A_44)
f2 Al f2

Accounting for the phase transformation due to lens Ls,

Ver fi

CF C,O C’DSTe jk(%_%>z2
kA] f 2C5 3

Eg (ZL’) =

00 . (A.45)
— fo—dzA 12 f A k sk 7 (
do’ ¢ (PR ) [s' (——1—333’) * <——-—A x')] elds ™"
/ hac ) P\TR™
Propagating the field to Py; :
Eq (z) = kflﬂ j:l Cr,CLCLCLCCpsre I 54:° /dw"e"jg(ZIEJ“%_%)EW@"E%M

7 A dz A 2 sk
(T [ (00) (] i)

Interchanging the order of integration, performing the integral over z” using A.18,

and simplifying,

k/1 1 1
e=5\ztex & A.47
(ds de f3> (A.47)
r oz
g = k(d_5+3;) (A.48)
Eii(2) = 4o ff ;1Cr30r2060'c40'0D5Te iy (Bt )o?
1
/ da’ [s' <_%%x)p <7A2x>} 34 (Laptata 1 ) kg
2 /11 2
(A.49)
2
Az = ; (A.50)

fads + fads — dsdg
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To further simplify this expression, define

fa—dzAg | fz3—dgA
S <_ﬁé > = 4 <_ﬁ@x>e 74 (Bt gt )

fa Ay fa Aq (A.51)
2 Ay
and
I daAz f§ dﬁ 3
3 (iII) = Do (—-]]f—Ag:E) g( 2fzcl4 + fsdsA )z (A_52)

To evaluate p3(x), an expression for p; (—kAoz/ f2) is needed. The expression of A.39

can be written as
2

P2 (CL’) = g %

k (f1 ~d1A1 fo— d4A2> ~ (A53)
j2 f1d2 f2d3

Using the relation for the Fourier transform of a Gaussian,

a =

2
e & ek (A.54)

and evaluating at { = —kAzx/f2, the Fourier transform of P, (z) is given by

jhAz L2 { =& 7 d A }
P <_f£A2$> - SR [ (A.55)
2
Inserting the above expression for p; (—kAsz/ f2) into A.52,

fa—d3zAz | fz—dgAz _ ,2dad3 1 2
Tade 17 Fads A3 3 4 ( ;11141 )+d2(f2—;i4f12)] z
2

m@)=634 (A.56)

Given these definitions, the spatial Fourier transform relation A.4, and the scaling

property A.11,

2 A
Ell(a:) f: 3CF30P2060/C/C/CDST
A 57
() (A Vg ()
fa fi Ag f3
—jk (fs=dsAz), 2 f2 k A3
E = Cpe i (572 5”( 2 4 )P( A > A58
) = Cre KA B\FAe) A8
where
PEY) S | Y o o e e i T
Py (i) = 1 RO e
fa

(A.59)
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A.3 Spatial Patterning and Grating Effects

We wish to relate the DST / telescope output to an applied spatial pattern.
Recall, the diffraction analysis assumed a spatially patterned beam just after the
grating (P3). For a Gaussian, patterned fs (E(w))input beam [22, 23, 8] before the

grating we have,

Ei (z,w) = m(z) e w2 e~I7m®" E (w) (A.60)
where
m (z) = applied spatial pattern (A.61)
e w? = Gaussian shape of input beam (leads to a temporal window)  (A.62)
e 37" = radius of curvature of the Gaussian beam phase front (gives a chirp term)
(A.63)
The field just after the grating, in now defined as
_a?s? Lk 22
E;(z,w) = m(az) e »? e72EYT 7 F(w) (A.64)
= s(z2) F(w) (A.65)
with
cos b;
- A.
@ cos 8, (A.66)
A
T = Cdcos 0q (A-67)

Here, A is the source wavelength, c is the speed of light, d is the period of the diffraction
grating and 6;, 64 are the incident and diffracted angles of the beam off the grating.

To complete the derivation of the pulse shaper output, we redefine

2 . 2 | fi—dgA,
s'(az) = m(az) e—c"z37553%(%?-F E)e (A.68)

and set z» = ax, we have

s(zy) = & (az) e 97, (A.69)
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Inserting A.69 in to the expression for s’ given by Eq. A.26, and inserting this into
the integral form of the DST output A.25,

>0
. f1—-dj 4 . 1 ik Aax
Es (z,w) = C’FICQC’{e_J%( 7 ) /da:' s (ax') e I I F AT (A.70)

!

Making the change of variables, 2" = oz', d©/ = 1/a dz” and then taking the
spatial Fourier transform using the spatial shift property A.10,

Es (z,w) = C’DSTE (w) e_j%(f = )9:25" {—1 (w - —]%Alsc) } , (A.71)

(87

which is the field just prior to the output waveguide (slit) in the DST shaper. To find
the output from the telescope before the output waveguide, the grating dispersion is

explicitly included and the result is substituted into A.49 to yield

V2 _i_k (fz—-dsAg z
Bu (@) = kAW%CF?»CFzCéCéCiCQCDSTe iag (B2
1
T | (A.72)
2 Al
Making the change of variables
o = allZly (A.73)

= —
fo Ad
and taking the spatial Fourier transform in light of the relations A.12, A.10, the field

just before the output waveguide in the telescope is

Ey; (z,w) = CrE(w)S” [~% (w + %%%Am)] P; <—J]—%A3x) e—jﬁ(blfdéﬂaﬁz_
(A.74)

A.4 Effects of Fiber Coupling the DST / Telescope Output

To find the time domain fields out of the DST / telescope, the effects of the output
waveguide (slit) must be treated. In contrast to [8, 7, 13}, the slit cannot be treated
as a 0 function, e.g. a slit with zero width. The actual time domain field is found
by performing an overlap integral of the field just prior to the waveguide and the

effective waveguide mode and then taking an inverse Fourier transform with respect
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to time. The method used to treat the effect of waveguide coupling is similar to [24].
Here the waveguide mode is assumed to centered at z = 0 and to be of the general

form

f <wio> (A.75)

with the property

o1 (A.76)

/dx

/()

To illustrate the general expression, consider the DST shaper output, prior to sam-

pling E5(z,w). In this case, the field coupled to the fiber can be written as

Epsr (z,w) = f(—%) / do! f<i—0> Es(z', w). (A.77)
The time domain field is then determined by taking the inverse temporal Fourier
transform of the field coupled to the fiber. Writing the time-domain output fields
of the DST shaper and the telescope, in terms of this overlap integral (using the
expressions for the fields given by A.71 and A.74) we have

EDST (.’L’,t) = CDSTf <i) _1.___ /dw E(U)) ej“’t

[ ovelaNal v( Ak )} <k ) o (it
code =)L (w22 ) R (LA 25\~ 7s
/ f(wo> { a( fodarfi ) TA\ETT) €
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Interchanging the order of integration, and taking a temporal inverse Fourier trans-

form using the shift and scaling properties A.6, A.7,

i
ik (f1=d1 A (A.80)
/ d{l?l f' (i) 6_‘7'2—5;(f JflA )xlze(t) " {S, <__ t> e mAle't}
Wo
C
Ergr(z,t) = —f <_x_>
Y Wo
i - fa—d
/ dz’ f = P <£A3:1: e_]%(%ﬂ)”ﬂ (A.81)
Wo VE
e (t) * {s” (_gt> 6_7%%3;’}—1A1:c’t}
Y

Interchanging the order of integration again, and treating the d2’ integral as a spatial

Fourier transform, these can be written as

Epsr(z,t) = \/%WOCDST]C (i) |
°! { (‘"Q (?ﬁ) Jﬁﬁﬁ4f%xﬁ]} (A.82)

:

Brpr (z,t) = V2 wo <0> (A.83)
o (20) [ (252) o]

In the above expression,

ik 1342 2 12
pi(t) = ¢ T AP (A.84)
B, = ~ Bl 7 (A85)
(fs — dsAs) By — A2 fodydsde [fods (fi — diAy) + fids (f2 — dads)]
and

B, —

dg [fads (f1 — d1 A1) + frds (f2 — dsA2)] [fads (f2 — daA2) + fods (fs — dsAs))]

— f1fadadsdadsde A5

(A.86)



N

- 90 -

Finally, evaluating the full expressions for s’ (—% ) and s” (——%t), the full expressions
for the temporal output of the DST / telescope are

T
Epst (z,t) = Cprf ('—> e (t)*
Wo
{m (—gt) e_ﬁ%tze_j#(%"'i%zfél)tz [F (k_w9A1t> * ej2~r§f1"’A%<f1iddlA1)t2} }

v /1
(A.87)

ETEL (.’E,t) = CTTf <%) e (t) *

2

o? g ok [a_+f —dpAy | Sy Al (fa—d3Ay  fa—deAs)) |2

m(_g_t e 'yiwit e IR f1dy 712-22( fadq fads ) (A88)
Y

fa As kwo
{F (*Ez—zﬁfht) * Py (t)]

These expressions give the output field of the DST shaper / telescope for a general
output waveguide (slit). The specific case of a singlemode fiber output is treated in
Section 2.2. Additionally, though the diagram of Figure 2.3 illustrates a telescope
constructed from two positive lenses, no assumptions were made during this deriva-
tion. The results also apply to a telescope consisting of a negative lens followed by a

positive lens.



T

- 91 -

VITA

Jason D. McKinney received his B.S. and M.S. degrees in Electrical Engineering
from Purdue University in 1997 and 1999, respectively. He began his Doctoral work
in 1999, with a focus on space-time optical processing and arbitrary electromagnetic
waveform generation. His research interests include optical pulse shaping, microwave
photonics, optical signal processing, ultrafast optics, and optical devices. He has been
recognized both by the School of ECE and the University for his teaching ability. He
was a finalist for the Optical Society of America / New Focus Student award in 2002
and received the Chorafas Prize for outstanding Doctoral research in 2003. He is a

member of IEEE / LEOS and the Optical Society of America.



