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Abstract:  We present a comprehensive analysis of pulse compression
in adiabatically tapered silicon photonic wire waveguides (Si-PhWWGs),
both at telecom (A ~ 1.55pm) and mid-IR (A = 2.1pm) wavelengths.
Our theoretical and computational study is based on a rigorous model that
describes the coupled dynamics of the optical field and photogenerated free
carriers, aswell as the influence of the physical and geometrical parameters
of the Si-PhWWGs on these dynamics. We consider both the soliton and
non-soliton pulse propagation regimes, rendering the conclusions of this
study relevant to a broad range of experimental settings and practical appli-
cations. In particular, we show that by engineering the linear and nonlinear
optical properties of Si-PhWWGs through adiabatically varying their width,
one can achieve more than 10x pulse compression in millimeter-long
waveguides. The inter-dependence between the pulse characteristics and
compression efficiency is also discussed.
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1. Introduction

Optical pulse compression techniques provide an essential functionality on which abroad array
of optics and photonic applications rely, including broadband communication systems, non-
linear optics, optical coherence tomography for cross-sectional tissue imaging, materials pro-
cessing, and nonlinear microscopy. Several schemes for optical pulse compression, based on
linear and nonlinear optical techniques, have been proposed, among the most successful and
widely adopted being pulse compressors employing diffraction grating pairs [1-3], synthetic
quasi-phase-matching gratings[4], interferometric systems based on nonlinear optical |oop mir-
rors [5-7], self-phase modulation (SPM) and cross-phase modulation induced pulse compres-
sion [8-11], higher-order soliton pulse compression [12-16], and adiabatic soliton compres-
sion [17,18]. The efficiency of these techniques can significantly be improved by tailoring the
linear and nonlinear physical properties of the optical medium in which the pulse propagates,
so that pulses with predesigned temporal and spectral properties are generated. In particular, ef-
ficient pulse compression have been demonstrated in several types of dispersion-engineered op-
tical waveguides, such as dispersion-decreasing fibers[14, 17, 18], tapered holey fibers[19, 20],
sub-micron tapered fibers [16, 21-23], and photonic crystal waveguides [24]. Among all these
alternative solutions, sub-wavelength silicon (Si) devices are at the center of intense current
research efforts geared towards achieving pulse compression at optical chip-scale.

Tapered Si photonic wire waveguides (Si-PhWWGs) with subwavelength transverse size
[25, 26] are photonic devices ideally suited for dispersion engineering. Thus, due to the com-
bined effects of the large difference between theindex of refraction of the Si core (ng; ~ 3.4) and
that of the cladding (usualy air, ng, = 1) and the subwavelength nature of the cross-sectional
area of the waveguide, variations in the transverse size of the waveguide as small asonly afew
percent of the operating wavelength can induce changes of the mode propagation constant, 3,
which are large enough to significantly affect the temporal and spectral properties of pulsesthat
propagate in such photonic wires. In particular, by simply varying the waveguide width, one can
readily design Si-PhWWGs whose frequency dispersion changes between normal dispersion,
where the second-order dispersion coefficient, f2(w) = B”(w) > 0, and anomal ous dispersion
(B2 < 0), or waveguides that possess multiple zero-dispersion points, defined by B;(®) = 0.
Equally important, the large intrinsic third-order nonlinearity of Si, in conjunction with the
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strong field confinement achievable in high-index contrast waveguides, make it possible to at-
tain strong nonlinear pulse reshaping at low optical power. More specifically, the dispersion
length, Lp, and the nonlinear length, Ly, of Si-PhWWGs can be more than four orders of mag-
nitude smaller than in silica fibers [27-29]. As aresult, linear and nonlinear optical effects that
normally require kilometer-long optical fibersto be observed can be achieved in millimeter-long
Si devices. Examples of such effects include soliton pulse compression [30, 31], modul ational
instability [32], parametric amplification [33, 34], supercontinuum generation [35-37], pulse
self-steepening [38], four-wave mixing [39-43], and generation of parabolic similaritons [44].

In thiswork, we theoretically analyze the compression of optical pulses upon propagation in
tapered Si-PhWWGs. We focus primarily on two compression methods: the soliton compres-
sion technique and pulse compression in Si-PhWWGs whose group-vel ocity dispersion (GVD)
coefficient B, changes sign during pulse propagation. While thefirst approach can be employed
only at relatively large peak pulse power, namely in the soliton propagation regime, the latter
one can be used to compress pulses whose power is below the soliton formation threshold as
well. Our theoretical model rigorously describes the effects of the adiabatic variation of the
cross-section of Si-PhWWGs on the pulse dynamics by fully accounting for the influence of
this variation on the linear and nonlinear optical coefficients of the waveguide. For the sake
of completeness, we consider the pulse dynamics at the optical communications wavelength,
A ~ 1.55pum, and at mid-infrared wavelengths, A = 2.1 ym.

Our paper is organized as follows: in Section 2 we introduce the physical model we use to
describe the coupled dynamics of the optical field and free carriers (FCs) upon pulse propa
gation in tapered Si-PhWWGs. In order to gain a deeper understanding of the main physics
governing these dynamics we also introduce a simplified semi-analytical model based on the
method of moments, namely a model that describes the pulse dynamics simply as the evolution
with the propagation distance of asmall set of physical parameters that define the pulse. Then,
in Section 3, we present the optical properties of the tapered Si-PhWWGs considered in this
work. In Section 4 and Section 5 we analyze the characteristics of optical pulse compression
achieved via the soliton compression technique and by using waveguides with sign-changing
dispersion, respectively, as well as a comparison between the pulse compression efficiency of
these two methods. The main conclusions of thiswork are summarized in Section 6.

2. Theoretical modelsfor pulse propagation in subwavelength tapered Si waveguides

In this section, we introduce a theoretical model that describes the propagation of ultrashort
pulsesin tapered Si-PhWWGs and a simplified semi-analytical mathematical model, based on
the method of moments, which reduces the pulse evolution to a particle-like dynamics.

2.1. Theoretical model for propagation of ultrashort optical pulses

We describe the optical pulse dynamics by using a rigorous theoretical model based on the
slowly-varying envelope approximation, which incorporates all relevant linear and nonlinear
optical effects pertaining to the pulse propagation in tapered Si-PhWWGs, including linear
losses, modal dispersive effects up to the third-order, FC frequency dispersion and FC absorp-
tion, SPM, two-photon absorption (TPA), and pulse self-steepening, as well as the associated
FC dynamics [38, 43-46]. Mathematically, the dynamics of the optical field are described by
the following partial differential equation:

u 3 i"Ba(z) v ick(2) ox(2)

i8z+n§‘1 n ot" T 2nv(2) @ - nvyg(2)

n(zu—y(2) {1+irs(z)aﬂ luj?u, (1)

where u(z t) is the pulse envelope, measured in /W, z and t are the distance along the Si-
PhWWGs and time, respectively, fn(z) = d"B/dw" is the nth order dispersion coefficient,
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k(z) measures the overlap between the optical mode and the (Si) active area of the waveg-
uide, vg(2) is the group-velocity, on(z) and a(z) are the FC-induced refractive index change
and losses, respectively, and are given by 6n(z) = —(€?/2enw?) [N(z) /mie+ N(2)%8 /my)|
and o(2) = €N (2)(1/ueMie? + 1/ unmiy,?) /eocnw?, where N is the FC density, mg, = 0.26mg
(Mg, = 0.39my) is the electrons (holes) effective mass, with mg the electron mass, and
Ue = 850cm?/(V 9) [un = 210cm?/(V s)] the electron (hole) mobility. The nonlinear proper-
ties of the waveguide are described by the nonlinear coefficient, y(z) = 3wI'(z)/ 450A(z)v§(z),
and the shock time scale, i.e. the characteristic response time of the nonlinearity, 15(z) =
dIny(z)/dw, where A(z) and T'(z) are the cross-sectional area and the effective third-order
susceptibility of the waveguide, respectively. Nonlinear optical effects higher than the third-
order are not considered here; however, at high peak power they might become important. Note
that in Eqg. (1) linear losses are neglected because the loss length is significantly larger than
the waveguide lengths considered in our study, L < 10cm. Specifically, the loss coefficient of
Si waveguidesis o; < 0.4dB/cm [47], waveguides with losses as small as 0.026 dB/cm being
recently reported [48]. For comparison, the loss length corresponding to 0.1 dB/cm is43.4cm.
The theoretical model is completed by arate equation, which governs the dynamics of FCs:
IN(zt) N(zt) 3r'(z)

- _ 4
R e T A @)

where T (I'") isthe imaginary (real) part of T and t. is the FC relaxation time. In our analysis
we considered t. = 1 ns[29].

2.2. Semi-analytical model based on the method of moments

While Egs. (1) and (2) provide detailed information about the pulse evolution, it is often more
convenient to use asimplified approach based on a particle-like description of the pulse dynam-
ics. In this approximation, also called the method of moments [49], the pulse is characterized
by arelatively small number of parameters, which are assumed to change adiabatically during
its propagation. The physical quantities used in our analysis are defined as follows:

E:/w|u\2dt, (3a)

2= g/'w (t—T)2ult, (3b)

c= 12 [T uw-uga, (30

Q= [ (wu-upd, (3d)
I Y AR

T= E[wt|u| dt, (3¢)

where E, 7, C, Q, and T are the pulse energy, pulse width, chirp coefficient, shift of the pulse
carrier frequency, and temporal shift of the pulse, respectively. The parameter 6 depends on
the specific shape of the pulse, being equal to 12/72 and 2 for secant-hyperbolic and Gaussian
pulses, respectively. These pulses are defined as:

|E t—T\ —iot-T)-ict=1?
Us(t,z=0) = ESECh <T>e IQ-T)—IC o ; (4Q)

E  _iof T (1. t-T1)2
Us(t,z=0) = , | ———e HT-1HE 5 (4b)

VT
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The pulse width and its full-width at half-maximum (FWHM), Trwum, arerelated by Trynw =
1.763t and Trwnm = 1.6657 for secant-hyperbolic and Gaussian pulses, respectively.

To determine the pulse dynamics one calculates the z-derivative of the quantities in Egs.
(38)—(3e) and use Eq. (1) to eliminate from the integrands the partial derivativeswrt zof u(zt).
This leads to the following nonlinear system of ordinary differential equations (see aso [50]):

dF(2)
dz

:A(E’T7C7Q7T)7 (5)

where F(z) = [E(2), t(2), C(2), Q(2), T(2)]" isacolumn vector containing the z-dependent
parameters that characterize the pulse and A is a column vector that depends on these parame-
ters. The components of this vector depend on the specific shape of the pulse, their expressions
for the two particular cases considered in this work being provided in the Appendix. Equation
(5) is solved by using a standard Runge-Kutta method of 5th order. Note that in our derivation
of Eq. (5) the influence of FCs on the pulse dynamics is accounted for only through the TPA
and nonlinear frequency dispersion termsin Eq. (1), that is, we have neglected the FC absorp-
tion and FC dispersion effects. While thisis a good approximation for femtosecond pulses, in
which case the amount of generated FCs is small, the influence of these FC related effects on
picosecond pulses should not be neglected [29]. This means that the conclusions derived by
using this simplified model must be validated by a full numerical integration of the rigorous
theoretical model defined by Egs. (1) and (2).

3. Dispersion maps of linear and nonlinear parameters of tapered silicon waveguides

We assume that optical pulses propagate in a Si waveguide with rectangular core cross-section.
The height of the waveguide is constant, h = 250 nm, whereas its width, w, varies adiabati-
cally along the waveguide. More exactly, this means that the condition V&V‘é—"zv < Ngf — 1 must
be satisfied, where A and ng; are the wavelength and effective refractive index of the mode,
respectively. The Si core is assumed to be buried in silica.

wv
o
o

width [nm] width [nm]

wavelength [um]

Fig. 1. a) Sketch of a Si-PhWWG oriented along the 110 direction (red arrow). Dispersion
maps of b) second-order, B2, and c) third-order dispersion coefficient, B3. Theblack contour
corresponds to zero-GVD, f2(A,w) = 0.

In order to determine the wavel ength and width dependence of the waveguide parameters we
calculated the fundamental mode (TE-like) of the waveguide and its propagation constant for
51 widths, ranging from 500 nm to 1500 nm, with the wavel ength spanning the spectral domain
from 1.3um to 2.3 um. Note that in this spectral domain the waveguide is single mode. The
propagation constant was then fitted with a 12th degree polynomial, for each value of w, the
higher-order dispersion coefficients, B, being determined by simply taking the corresponding
derivatives wrt 4. A similar procedure was used to determine the frequency dispersion of the
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Fig. 2. Dispersion maps of @) real and b) imaginary part of the nonlinear coefficient, v, and
the dispersion maps of c) real and d) imaginary part of the shock-time coefficient, ts.

other optical coefficients of the tapered Si-PhWWG, namely y(1), k(A ), and 7s(1 ). Polynomial
interpolation was used to calculate the values of these coefficients when the waveguide width
was different from our 51 chosen values (see also [44]).

The dispersion maps of the linear and nonlinear optical coefficients of the tapered Si-
PhWWGs considered in this study are summarized in Figs. 1 and 2, respectively. These mapsre-
veal an important property of these waveguides, namely in abroad range of frequenciesthe dis-
persion regime can be switched between normal and anomalous by simply varying the waveg-
uide width. These two regimes are separated by a zero-dispersion curve defined by (1) =0,
depicted in Fig. 1(b) as a black contour. Note that in the soliton regime the waveguide nonlin-
earity isrelatively large, as per Fig. 2(a), because this regime is achieved for small w, when the
optical field is strongly confined in the Si core. This means that these Si photonic wires readily
provide the main ingredients needed for soliton pulse compression in dispersion-varying optical
guiding devices. Moreover, since we investigate the compression of pulses down to just a few
hundreds of femtoseconds, the influence of third-order dispersion (TOD) and frequency dis-
persion of the nonlinearity must be accounted for. The dispersion map of the TOD coefficient,
Ba(A), is shown in Fig. 1(c), whereas the dispersive properties of the nonlinearity dispersion
areillustrated in Figs. 2(c) and 2(d).

4. Soliton pulse compression in dispersion-varying tapered silicon waveguides

Generally, there are two main methods used to compress pulses that propagate in the soliton
regime. The first is based on the particle-like propagation characteristics of solitons. Specifi-
cally, single solitons are propagated in an optical medium whose dispersion and nonlinearity
change adiabatically, which leads to a slowly decrease of the soliton width. The drawback of
thismethod isthat optical |osses can affect its efficiency, which in the context of Si-PhWWGsis
an even more important aspect. The second method relies on the fact that higher-order solitons
evolve periodicaly as they propagate, so that at certain distances their width is much smaller
than that of the initial soliton. By properly choosing the waveguide length, large pulse com-
pression is achieved. Because it is much more effective, we study here only this latter method.

To begin with, we launch a secant-hyperbolic pulse described by Eq. (4a) with A = 1.55um
in a tapered Si-PhWWG. The longitudinal z-variation of the width profile of the waveg-
uide is assumed to be w(z) = Wip, + (Wout — Win) tanh(az) / tanh(aL), where wj, = 700 nm and
Wout = 660 nm, are the initial and final width of the waveguide, respectively, L = 9cm is the
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waveguide length, and a = 80m~1. This choice of the taper parameters ensures that the adi-
abaticity criterion, Aa < 1, is clearly satisfied and that the pulse propagates throughout into
the soliton regime, B2 < 0. The width of the input pulse is T = 180fs and the input peak
power, Py = 1.4W, which means that the initial value of the soliton number, Ns, defined as
N2 = Lp/Ln = YPo7?/|Ba2|, isNs = 10.

Y
-
(<)
] =

power [P ]

power [P ]

30
20 o
d!\gtaﬂce e

Fig. 3. Temporal [a) and d)] and spectral [b) and €)] pulse evolution in atapered Si-PhWWG
(see text for taper and pulse parameters) and the corresponding free-carriers dynamics [c)
and f)]. Top and bottom panels correspond to A = 1.55pum and A = 2.1 um, respectively.

The temporal and spectral evolution of the pulse and FCs are presented in Figs. 3(a)-3(c).
These plots show that after an initial stage in which the pulse broadens (z < 20mm) a sig-
nificant pulse compression is observed beyond z ~ 20mm. It can be seen, however, that the
pulse shape does not change periodically with z, which is due to the influence of effects other
than the GVD and SPM. Specifically, TPA induces strong pulse decay whereas the TOD leads
to pulse breakup. The effect of TPA on the pulse dynamics is particularly strong in the initial
propagation stage during which, as Fig. 3(c) suggests, most of the pulse energy is absorbed
by photogenerated FCs. Nevertheless, a maximum of more than fivefold pulse compression is
achieved at z~ 60 mm, which corresponds to a pulse duration of ~ 36fs. A common feature of
pulses compressed via this method, which can also be seen in our simulations for z 2 60 mm,
isthe generation of pedestals at the edges of the pulse.

In order to assess the degree to which the deleterious effects of TPA can be mitigated,
we investigated the propagation of a secant-hyperbolic pulse in the mid-IR regime, namely
a A = 2.1um. The tapered wire considered in this case is defined by wi, = 850nm,
Wout = 750nm, L = 3cm, and a = 80m™ 1, the pulse parameters being t = 180fs and
Po = 2.07W (Ns = 9). Unlike the telecom case, the pulse decay is negligible at mid-IR wave-
lengths, its peak amplitudein fact increasing considerably. This substantial increase of the peak
power, illustrated in Fig. 3(d), is explained by the fact that although part of the pulse energy is
absorbed via TPA, the pulse undergoes significant compression as well, i.e., by more than 10x
at z= 25mm, which should obviously result in increased peak power.

Unlike the case of optical fibers made of silica, photogenerated FCs can affect in a highly
nontrivial way the dynamics of optical pulses that propagate in silicon wires. This idea is
clearly illustrated by the plots in Figs. 3(c) and 3(f). Thus, whereas at A = 1.55pum the FC
density decreases monotonously with z, at A = 2.1 um there is a certain propagation distance,
z~ 20mm, at which a maximum amount of FCs is generated. This distance is roughly equal
to the distance at which maximum pulse compression is observed. To understand this differ-
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ence in pulse dynamics, note that at a given z the peak FC density can be estimated from
Eq. (2) to be AN(2) ~ P?(2)T"(2)7(2)/A%(2)V§(2). Then, since the parameters I, A, and vy
vary only dlightly with z, the main contribution to AN(z) comes from the z-variation of the
factor P?(2)7(2) ~ P(2)E(2). At mid-IR the pulse energy lossis rather small and therefore the
maximum amount of FCsis generated when the peak power reachesits maximum, that is, when
the pulse compression is maximum as well.

More insights into the pulse dynamics are provided by the semi-analytical model described
by the system (5). By integrating numerically this system of equations we determined the de-
pendence of the pulse parameters on the propagation distance, under the assumption that the
pulse propagates in a particle-like manner. In an aternative approach, we computed the pulse
parameters by fitting with asech-function given by Eq. (4a) the pulse obtained by direct integra-
tion of the rigorous model (1)-(2). The results obtained by these two methods are represented
in Fig. 4 by the black and blue lines, respectively. For comparison, the pulse parameters were
also calculated by inserting in the definitions in Eq. (3) the solution obtained by numerical
integration of the rigorous theoretical model (seethe red curvesin Fig. 4).

a) 1 —— b) 1.2
— 0.9 ull mode! —~ 1.1
[WN] sech-fit L
'; 0.8 semi-analytic | = 1=
& 07 5 09
= 0.6 = 08 full model
v 05 2 y sech-fit
GCJ . v 07 semi-analytic

0.4 2 06 FWHM

0.3 =155 um a 0.5 =155 um

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Q 1 distance [mm] d distance [mm]
_ 095 e 09
T X S 08
> S 07
9 0.85 2 06 full model
o o8l —— e % os| —— it
8 0.75 semi-analytic % 0:4 ;arlnl_ll-,analytlc

0.71A=2.1 ym Q A=2.1pm
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Fig. 4. Evolution of pulse energy E and width t vs. the propagation distance. Top panels
correspond to A = 1.55um, 7 =180fs, and Py = 0.2W, whereas the pulse parameters in
the bottom panelsare A = 2.1um, 7 = 180fs, and Ry = 0.5W.

The results of this analysis, which are summarized in Fig. 4, show that, generally, thereisa
good agreement between the predictions of the full theoretical model and the semi-analytical
model but only over a certain propagation distance. This proves that indeed in the initial stage
of the propagation, the optical pulse can be viewed as a secant-hyperbolic pulse undergoing
a particle-like dynamics. This approximation breaks down after a certain propagation distance
(z=30mmat A =155umandz~ 10mmat A = 2.1 um) as beyond this distance the optical
pulse begins to split up. Our simulations (not shown here) suggest that, as expected, the dis-
tance over which the predictions of the full and semi-analytical models agree decreases with
increasing Py, since by increasing the nonlinearity one induces stronger pulse distortion. At
both wavelengths, the pulse profile follows a similar evolution: initially the pulse broadens and
then its width gradually decreases. To quantify the pulse compression after it breaks up, we
determined its width by calculating the FWHM of the main pulse, as per the green curvesin
Fig. 4. It can be seen that, contrary to the predictions of the semi-analytical model, the main
pulse is compressed significantly, which proves the effectiveness of tapered Si-PhWWGs in
optical pulse reshaping applications.

To achieve amore compl ete understanding of the pulse compression mechanism, we also de-
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termined the z-dependence of the chirp, C(z), center frequency shift, Q(z), and temporal shift,
T(z), calculated as function of the input pulse peak power Py and width t. The corresponding
results are presented in Figs. 5 and 6, respectively. Note that these numerical simulations were
performed for arange of pulse parameters and propagation distance where the semi-analytical
model agrees well with the rigorous one, so that these parameters have a meaningful physi-
cal interpretation. Figures 5 and 6 show that, except for relatively small peak power, the chirp
is positive and increases monotonously with z, that is the positive chirp generated by SPM is
larger than the negative one generated by the anomalous GVD. As a result, the initial prop-
agation stage in which the pulse broadens is followed by a monotonous pulse compression.
This is the expected behavior of a pulse that propagates in the anomalous GVD regime, the
z-dependence of the pulse chirp explaining why the pulse compression is preceded by an initial
pulse broadening. Thus, initialy the pulse broadens under the influence of the GVD, but as
the positive chirp induced by the SPM increases, the GVD begins to have an opposite effect,
namely it compresses the pulse. As the pulse is compressed, the GVD and the peak power in-
crease. Therefore, the SPM and, consequently, the rate at which the chirp increases become
larger, too, which further increases the efficiency of the pulse compression process. A similar
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monotonous increase with the propagation distance, albeit extremely small (T ~ 1fs), isshown
by the pulse temporal shift. This effect, whose magnitude is comparable to s, is due to the fre-
guency dispersion of the nonlinearity and the TOD. Finally, the center frequency of the pulseis
redshifted, the magnitude of this redshift increasing with z. As expected, the magnitude of the
frequency shift increases with the peak power, Ry (the strength of the nonlinearity dispersion
increases with Py) and decreases with the pulse width, 7 (TOD increases as T decreases).
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Fig. 7. @) Dependence of the pulse width on Ry, determined for T = 180fs and b) on
7, determined for Py = 1.4W. c) Dependence of the pulse width on Py, determined for
7 = 180fsand d) on 7, determined for By = 2.07 W. The top and bottom plots correspond
to A = 1.55um and A = 2.1um, respectively. The color bar indicates the pulse width,
normalized to itsinitial value.

Since this study is concerned primarily with the investigation of pulse compression mecha-
nismsin tapered Si-PhWWGs and the physical effects that determine their efficiency, we pro-
vide now amore detailed description of the dependence of the pulse compression factor on the
pulse power and width. Thisis a natural choice of pulse parameters as the main characteristic
lengths that govern the pulse propagation, the linear and nonlinear lengths, depend solely on t
and Py. The results of this investigation are summarized in Fig. 7. Thus, comparing the results
presented in the top and bottom panels in Fig. 7, one can see that the pulse compression is
much more efficient at mid-IR, namely a shorter propagation distance is needed to achieve a
certain compression factor. This can be easily explained using the characteristics of the pulse
evolution we just discussed: the TPA is much weaker at mid-IR, which means that the positive
SPM-induced chirp and hence the pulse compression is much larger in this frequency domain.
Moreover, the maps plotted in Fig. 7 show that the compression factor increases with Py but
decreases with 7. This finding has a simple explanation, namely whereas the SPM is propor-
tional to Py, the strength of GVD effects is inverse proportional to 72. Note, however, that if
only waveguide tapering effects are considered then both SPM and GVD increase with the
propagation distance, as for the two tapers considered in this section y and | 2| increase with z.

This analysis suggests that, surprisingly, pulse compression can be achieved even when the
dispersion increases. To be more specific, previous studies of adiabatic soliton compression in
dispersion-managed optical fibers have demonstrated that pulse compression in lossless fibers
with constant nonlinearity can be achieved only if | 3| decreases. Indeed, under these circum-
stances, for the soliton number N2 = yPyt?/|B| to remain constant while the pulse duration, t,
decreases, the GVD coefficient | [32\ must decrease as well. In tapered Si-PhWWGs, however,
theincrease of the GVD coefficient can be offset by the increase of y (y increases as the waveg-
uide width decreases, as per Fig. 2), so that soliton pulse compression can be achieved even in
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Fig. 8. Evolution of pulse width (left panels) and Lp and Ly (right panels) determined for

tapered Si-PhWWGs with increasing (dotted line) and decreasing (solid line) dispersion.

dispersion-increasing tapered waveguides.

These ideas are illustrated in Fig. 8, where we show the dependence of the pulse width on
the propagation distance in tapers with increasing as well as decreasing dispersion. Note that
the pulse width presented in this figure is calculated by evaluating the FWHM of the main
part of the pulse. Thus, we launch a pulse with Py = 1.4W (Py = 2.07W) in a tapered Si-
PhWWGs with wi, = 700 nm (w;, = 850 nm), Woy: = 660 nm (Woy: = 750nm), and L = 90 mm
(L = 30mm), the wavelength being A = 1.55um (A = 2.1 um). In both cases 7 = 180fs and
a=80m~1. The z-dependence of the pulse width, aswell asthat of Lp and L, are depicted in
Fig. 8 with dotted lines. The solid linesin this figure correspond to the pulse propagation in the
inverted taper, namely to the case in which the roles of wi, and wg,; are interchanged while the
pulse parameters are kept unchanged. Asaresult, in the first case the GV D dispersion increases
(in absolute value), whereas the latter one corresponds to decreasing dispersion. Nevertheless,
in both cases, the soliton is significantly compressed, as per Figs. 8(a) and 8(c). A closer look
at theinterplay between the two main characteristic lengths defining the soliton dynamics |eads
us to the same conclusion. More specifically, Figs. 8(b) and 8(d) show that for both tapers
Lp > Ly, which means that the nonlinear effects are stronger. A consegquence of this fact is
that, as discussed above, the total chirp is positive. As the pulse propagates in the anomalous
GVD regime, this resultsin pulse compression.

From a more practical point of view, it is important to understand to what degree the ta-
per profile affects the efficiency of the pulse compression. While we did not try to find the
optimum taper profile that eads to maximum compression, we have considered the pulse prop-
agation in hyperbolically and linearly tapered Si-PhWWGs, that is, two of the commonly used
taper profiles. The z-profile of the linear taper is defined by w(z) = win — (Win — Wout)z/L. The
input and output widths as well as the waveguide length were the same for both types of ta-
pers. at A = 1.55um, wi, = 700 nm, We: = 660 nm, and L = 90mm, whereasat A = 2.1 um,
Win = 850nm, Wy = 750nm, and L = 30mm. The pulse peak power was Py = 1.4W
(Ph=2.07W) at A = 1.55pum (A = 2.1 um), whereasin both cases T = 180fsanda= 80m~1.
Theresults of our analysis, summarized in Fig. 9, suggest that whereas the pulse width follows
asimilar evolution as it propagates in the two tapers, specific differences lead us to conclude
that the hyperbolic taper is more efficient for pulse compression. Interestingly enough, similar
conclusions were reached when Gaussian pulses with the same power and width were used.
Thisfinding can be explained by the fact that in the case of the hyperbolic taper thereisamore
rapid transition to the waveguide region with large nonlinearity, as compared to the case of the
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Fig. 9. @) Evolution of the pulse width for two taper profiles, calculated for Py = 1.4W and
A = 1.55um and b) for By = 2.07W and A = 2.1 pm. In both cases theinitial pulse width
ist = 180fs.

linear taper, which means that the generated positive chirp that induces pulse compression is
larger in the former case.

5. Pulse compression below the soliton power threshold

One of the conclusions of the preceding section is that large pulse compression factor can be
achieved when an optical pulse with positive chirp propagates in the anomalous GV D regime.
One drawback of this approach isthat if B, < 0 the chirp induced by the GVD is negative and
hence reduces the positive chirp generated by the SPM. One possible solution to this problem,
which can be easily implemented by using adiabatically tapered Si-PhWWGs, isto first propa-
gate the pulse in a section of the waveguide with large normal GV D until the pulse accumulates
a large positive chirp and then propagate this chirped pulse in a waveguide section with large
anomalous GVD, where the pulseis compressed. In a practical setting, this scheme can be im-
plemented by simply using a tapered Si-PhWWG whose width is varied in such away that the
waveguide has normal and anomalous GV D within its input and output sections, respectively
[see dso Fig. 1(b)]. It should be mentioned that this pulse compression method can be applied
to pulses with low peak power as well, as it does not require that the pulse propagates in the
soliton regime. Thelarger the power, however, the larger the compression factor will be because
alarger positive chirp would be generated within the waveguide section with normal GVD.

The semi-analytical model described by Eq. (5) provides an intuitive picture of this pulse
compression mechanism. Thus, if one considers a secant-hyperbolic pulse given by Eq. (49)
and neglects TPA effects and the higher-order terms in Eq. (1), that is, ¥ = 0, B3 = 0, and
7s = 0, Egs. (8b) and (8c) become (see a'so [49]):

dr . ﬁzC
a2z (6a)
@ <nz+c>fz+nzr’ (6b)

where the pulse energy, E, is conserved upon propagation. This system of equations shows that
when the pulse propagates in the wavegui de section with normal GVD, 3, > 0, bothtermsin the
rhs of Eq. (6b) contribute to the increase of the chirp. When subsequently the pul se propagates
in the waveguide section with anomalous GVD, B2 < 0, the rhs of Eq. (6a) is negative, and
therefore the optical pulseis compressed. This system of equations also suggests that the larger
is the chirp generated in the first section of the waveguide the larger will be the overall pulse
compression factor.
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To illustrate these ideas, we considered the propagation of optical pulses in tapered Si-
PhWWGs whose dispersion changes from normal to anomalous. For this, we considered two
tapered Si-PhWWGs defined by the following parameters. wi, = 850 nm and wgy; = 610 nm,
at A =1.55pm, and Wi, =980 nm and Woue = 735nm, at A = 2.1 pm. In both casesa= 80m1,
L = 90mm, and 7 = 180fs, whereas the pulse power was Py = 90mW at A = 1.55pum and
Py= 100mW at A = 2.1pum. This choice of waveguide and pulse parameters means that
Ns(z=0)=0.8%5 < 1la A =155pm and Ns(z=0) =0.908 < 1 at A = 2.1um. While
solitons do not exist in the normal GV D regime, the soliton number allows us to compare the
compression factor that can be achieved by the two methods, at specific peak powers.
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Fig. 10. Tempora [a) and d)] and spectral [b) and €)] pulse evolution in a tapered Si-
PhWWGs whose dispersion changes from normal to anomalous (see text for taper and
pulse parameters) and the corresponding free-carriers dynamics [c) and f)]. Top and bottom
panels correspondto A = 1.55um and A = 2.1 um, respectively.

The evolution of the temporal and spectral profile of the pulse, aswell as that of FC-density,
at both wavelengths, are presented in Fig. 10. This figure shows that the pulse is compressed
at both wavelengths;, however, the compression factor is smaller than in the case of soliton
compression, chiefly because the peak power is significantly smaller in this case. In addition,
as expected, TPA has different impact on the pulse compression at the two wavelengths. At
A = 1.55um, where the TPA islarge, the pulse propagates in alossy medium and therefore its
width initially increases, before undergoing compression in the waveguide section with 82 < 0,
namely beyond z ~ 40mm. By contrast, at A = 2.1 um the TPA is weak, so that the width of
the pulse remains approximately constant for z < 30mm and then begins to decrease. Since
the peak power is relatively small in this case, the amount of generated FCs is small as well
(compare the FC-densities in Figs. 3 and 10) and consequently the z-dependence of FCs is
similar to that of the pulse power.

A more quantitative characterization of the pulse compression is presented in Fig. 11, where
we show the evolution of the pulse width vs. the propagation distance. Thus, it can be seen that
the pulse broadens while it propagates in the section of the waveguide with normal GVD (the
zero-GVD point islocated at z= 30 mm) and subsequently undergoes significant compression.
In particular, the pulse width decreases by 29% at A = 1.55um and by 27% at A = 2.1um,
after atotal propagation distance of 90 mm. The input pulse width is T = 180fs and the input
power isPy = 90mW at A = 1.55um and Py = 100mW at A = 2.1 um, which ensures that
Ns(z=0) < 1, namely the peak power of the input pulse is smaller than the soliton formation
threshold. However, as the pulse approaches the zero-GVD point, Ns increases considerably
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Fig. 11. Evolution of the pulse width upon propagation in a tapered Si-PhWWGs whose
dispersion changes from normal to anomalous, determined for a) A = 1.55um and b)
A = 2.1um. Insets depict the evolution of the soliton number Ns as well as the input and

output pulse profiles.

since B, becomes very small (Ns — « as | 32| — 0). After the pulse passes through the zero-
GVD point Ns begins to decrease and becomes again less than 1 in the final propagation stage.
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Fig. 12. @) Dependence of the pulse width vs. peak power Py, determined for T = 180fs,
and b) vs. 7, determined for Py = 90 mW. c¢) Dependence of the pulse width vs. peak power
Py, determined for T = 180fs and d) vs. 7, determined for By = 100 mW. Top and bottom
panels correspond to A = 1.55pum and A = 2.1 um, respectively. The color bar indicates
the pulse width, normalized to itsinitial value, whereas the vertical dashed lines indicate
the distance at which 8, = 0.

The dependence of the compression factor on the pulse parameters, determined for the same
pair of tapers as that corresponding to Fig. 10 but with L = 120mm, is summarized in Fig. 12.
Note that we chose the input power in these simulations such that the soliton number remains
smaller than 1 for the most part of the propagation. The main conclusion illustrated by these
plotsisthat pulse compression can be achieved for a broad spectrum of pulse widths and pow-
ers. For al values of the pulse parameters one requires a certain propagation distance (waveg-
uide length) in order to achieve pulse compression, as initially the pulse broadens. It can also
be seen that the compression factor depends rather weakly on the pulse parameters and the
operation wavelength. In particular, for a given propagation distance, the compression factor
increases with the pulse power and decreases with the pulse width. This conclusion can be de-
rived from the dependence on the pulse parameters of the SPM and GVD chirps, namely, as
suggested by Eq. (6b), the SPM chirp increases with the pulse power whereas the GVD chirp
increases when the pulse width decreases.
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6. Conclusion

In conclusion, we have demonstrated that tapered silicon photonic wire waveguides provide
convenient, easy to implement solutions for optical pulse compression at optical-chip scale. By
taking advantage of the strong dependence of the linear and nonlinear optical coefficients of a
silicon waveguide on its transverse cross-section one can easily tailor the variation along the
waveguide of the frequency dispersion and waveguide nonlinearity, so that the temporal and
spectral properties of optical pulses can be reshaped in a pre-designed, controlled way. We con-
sidered two pulse compression mechanisms, one that appliesto optical pulsesthat propagatein
the soliton regime, and a more general one employing waveguides with sign-changing disper-
sion, which can be used to compress low-power pulses as well. We demonstrated that while the
former method can be used only for pulses that propagate in the anomalous GVD regime, it is
significantly more efficient than the latter one, compression factors as large as 10 being readily
achievable. A detailed analysis and discussion of the relationship between the compression fac-
torsthat can be achieved by using either one of the two methods and the pulse width and power
aswell asthe profile of the taper have also been presented.

Appendix: Mathematical formulation of the semi-analytical model

By taking the z-derivatives of the pulse parameters defined in Egs. (3a8)—(3e) and inserting
Eqg. (1), in which thefirst two termsin the rhs are neglected, into the resulting integrals, simple
but lengthy mathematical manipulations lead to the following system of nonlinear ordinary
differential equations that describes the evolution of the pulse parameters:
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This nonlinear system of equations depends on the specific pulse shape, u(z t). For secant-

hyperbolic pulses given by Eq. (4a) § = 12/x2, so that this system reads,

dE  2Y'E* 2(y1)" E*Q

dz 3t 3 T’ (83
N e (@)
= al(3) 0o (3 )8 %) £ 08

_ 2( - [7/’ ”Q} EC, 22 [)/—ir ﬂz—glz(yrs)’ﬂ} %, (80)
o(lj(zz ; [ 2Y'Q+ (y1s) E (775)" <562 4202+ ZG_GC;H %—%%—E, (8d)
SR ERPE T T

_ (V';S) (2TQ+ 77'-26_ 6(:) %_ E?TE’ (8e)

whereas 6 = 2 in the case of Gaussian pulses given by Eq. (4b), so that (7) becomes,
3; (ﬂ2+l339)9*f [V + (y1)"QE - % é ZE (9b)
E :/32 [(1+CZ) +2§22} +Bs [(1+3C2) 2QTZ+QS] - %?TE - %‘;
=l yfs>”9] = Y2 T (%
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o Py g 2‘;] T
- \/5(7/15 (TQ+ ) % d—E (9¢)

By eliminating the derivatives d d and dT from the rhs of Egs. (8) and (9), these systems of

equations become equivalent to Eq. (5)

Acknowledgments

The work of S. L. was supported through a UCL Impact Award graduate studentship. R. R. G.
acknowledges support from the Columbia Optics and Quantum Electronics IGERT under NSF

Grant DGE-1069420.

#203937 - $15.00 USD  Received 30 Dec 2013; revised 22 Feb 2014; accepted 24 Feb 2014; published 10 Mar 2014
(C) 2014 OSA 24 March 2014 | Vol. 22, No. 6 | DOI:10.1364/0E.22.006296 | OPTICS EXPRESS 6312





