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Slow-light-induced Doppler shift in photonic-crystal waveguides
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In this Rapid Communication, we theoretically discuss a large Doppler shift in a signal slow-light pulse in
a photonic-crystal waveguide by considering its reflection at a quasilight speed mirror. The mirror is formed
by the photonic band-gap shift induced by the high nonlinearity of a control slow-light pulse, which could be
possible in a realistic device. In the simulation, the Doppler shift appears at multiple frequencies due to the Bloch
nature of the photonic lattice. Larger but inefficient Doppler shifts occur through nonadiabatic processes, whereas
the smallest but more efficient shift (i.e., the intraband Doppler shift) occurs through an adiabatic process. The
occurrence of the intraband shift depends on whether the adiabatic process produces a complete reflection of the
incident pulse, despite the fact that the pulse penetrates the mirror. A large band-gap shift and a moderately slow
mirror satisfy this condition; otherwise, the shift ends at the halfway point.
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I. INTRODUCTION

Optical interactions, such as cross-phase modulation and
parametric frequency conversion, occur when two light waves
with different wavelengths propagate together. However, the
collision of two light waves and the resulting reflection have
yet to be fully discussed. It is of great interest to consider
how such a situation can be produced and what phenomena
result. In a related theoretical study, the Doppler shift in a
terahertz wave, which is reflected by a moving mirror formed
by light absorption, is demonstrated [1]. The acousto-optic
modulation is known to be an application of the Doppler
shift of light induced by the reflection at moving acoustic
waves. This phenomenon is also theoretically discussed with
a photonic-crystal device [2,3]. However, the Doppler shift
is small because the velocities of acoustic waves are on the
order of 1073 ¢, much slower than the velocity of light c.
Recently, Ulchenko et al. published a theoretical discussion
on pulse compression through a Doppler shift, supposing a
moving mirror with a conceptual index change [4]. In this
study, we considered the possibility of a large Doppler shift
using a slow-light-induced mirror formed in a realistic manner.

To date, we have demonstrated fast delay tuning, adiabatic
wavelength conversion, and temporal pulse compression using
signal and control slow-light pulses propagated together in a
lattice-shifted photonic-crystal waveguide (LSPCW), which
we referred to as a copropagating slow-light system [5-7]. In
these studies, a Si LSPCW and pulses at telecom wavelengths
were used so that the control pulse generates carrier plasma
dispersion induced by two-photon absorption (TPA) [8], which
is enhanced by low-dispersion slow light. In this study, we
considered another situation wherein two pulses propagate in
opposite directions and collide in the LSPCW. Since slow-light
pulses in the LSPCW have quasilight velocities of 0.01¢-0.1c,
a Doppler shift much larger than that obtained by acoustic
waves is expected when the signal pulse is reflected by a
mirror effectively formed by the control slow-light pulse.

In this study, we first explain the principle of mirror
formation and the fundamental theory of the Doppler shift
of light reflected in the photonic lattice. Next, we show the
finite-difference time-domain (FDTD) simulation of spectral
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shifts that both agree and disagree with Doppler theory.
We clarify the boundary condition between the agreement
and disagreement by considering the adiabatic wavelength
conversion [5-7,9-15] that occurs at the reflection, which
comprehensively explains the behaviors of the spectral shifts.

II. THEORY

Figure 1 shows the schematic system considered herein.
The LSPCW has a cutoff of the guided mode at the band edge.
The signal pulse, set at frequency wj, near the band edge,
propagates from left to right. The intense control pulse at a
telecom wavelength propagates in the Si LSPCW from right
to left and produces TPA-induced carrier plasma. It reduces
the refractive index of the LSPCW and shifts the photonic
band gap (PBG) to the high-frequency side. In a simple
consideration, this region would act as a mirror because the
signal pulse is prohibited from propagating into this region and
is reflected. (Later, we will discuss the fact that the reflection
occurs only when the mirror satisfies a particular condition.)
The carrier lifetime in the Si LSPCW has been measured to
be 120 ps [5], which is much longer than durations of the
signal and control pulses (we consider them to have a duration
of several picoseconds). Therefore, the track of the control
pulse turns into a uniform mirror whose front end moves with
the control pulse. Consequently, the signal pulse is reflected,
producing the Doppler shift.

Let us review the fundamental theory of the Doppler shift
in the photonic lattice using the photonic band diagram of
the guided mode (Fig. 2). Because of the periodicity of the
photonic crystal, the band is symmetric at the wave number
k = £0.5 in the unit of 277/a, where a is the lattice constant.
The signal pulse is initially propagating forward, and k is
expressed as ki, + G, where 0.5 < ki, < 1.0, and G = ¢
(g is the integer number) is the reciprocal lattice vector, also
with units of 27r/a [16]. In this range of ki,, the band slope is
positive, indicating a positive group velocity. Figure 2 displays
the operating points for G = 0 and G = —1. The frequency of
the signal pulse, wp,, which is observed by the mirror, suffers
from the Doppler shift due to the moving mirror with velocity
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FIG. 1. Reflection and Doppler shift of a signal pulse at a moving
mirror formed by the control pulse in LSPCW. (a) Schematic.
(b) Photonic band of guided mode (solid line) and PBG (black region)
before (left) and after (right) the mirror passes through.

um(<0) and is given by

Wm = Win — Un(kin + G). (D

The mirror is also considered as a moving light source that
emits light at w,,. The emitted light frequency o’ is then given
by [17]

o' = oy + vk — Gy) 2)

for another reciprocal lattice vector Gg. This corresponds to
the final Doppler shift after the reflection. The wave number
of the backward propagating wave after the reflection is in the
range of —1.0 < k < —0.5. Defining G, = G + G, Egs. (1)
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and (2) give the following equation [4]:
o' = win + Um(k - kin - Gr) (3)

This equation is expressed by the oblique lines with
the slope of vy, in Fig. 2. The intersections of the lines
and bands with negative slopes (indicating a negative group
velocity) correspond to the allowable operating points of
the reflected signal pulse. We can expect multiple «’ for
different G,. Qualitatively, this phenomenon arises from the
periodic behaviors of the reflection spectrum in the periodic
structure [3].

III. CALCULATION

In the FDTD simulation, the LSPCW with the lattice shift
in the third row from the line defect was modeled [5-7].
We assumed an effective slab index of n = 2.963 (modal
equivalent index of a slab waveguide comprising a Si core
with an index of 3.5 and a thickness of 260 nm and air
cladding at A = 1550 nm), an air hole index of 1.0, a lattice
constant of @ = 440 nm, a hole diameter of 2r/a = 0.59, and
a normalized lattice shift of s/a = 0.3. The signal pulse is
excited for the transverse electric polarization at one end of
the LSPCW. As for the mirror, we assumed a region wherein
the index is simply reduced by An, and its front end is linearly
sloped from 0% to 100% of An within a time of v = 500 fs.
This mirror propagates with a velocity of vy, from another
end toward the signal pulse. To simplify the simulation, we
neglected the cross-sectional distribution and propagation loss
of this mirror.

Figure 3 shows the spectra of the reflected signal pulse for
different values of An and vy,. Since they were observed near
the excitation point, spectral peaks from both the excitation
(black dashed line) and the reflected pulse were observed. The
spectra indicated by the black and gray arrows indicate that
the blueshift increases with |uy|. Focusing only on the black
arrows, we notice that the magnitude of the blueshift depends
not on |An| but instead on |vy|, which is the fundamental
property of the Doppler shifts. When |uy| increases, the
Doppler peaks decrease and soon disappear, particularly for
small values of |An|, which will be discussed later. The
spectral widths of the Doppler shifts increase compared to
their initial values because the initial broadening in k;, reflects
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FIG. 2. Transition of the operating point of the signal pulse on photonic bands through the Doppler shift. Parallel oblique lines were

obtained from Eq. (3).
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FIG. 3. Calculated signal spectra. Excitation is given around the wavelength centered at A = 1787 nm, which corresponds to k;, = 0.52. ¢
is the velocity of light in vacuum. The temporal full-width half-maximum of the initial pulse is 1.6 ps.

the broadening of the Doppler shift in accordance with Eq. (3).
In calculating Aw using Eq. (3), ki, was estimated from
the field profile obtained in the FDTD simulation; in the
LSPCW, a spatial beat with wave number Akpe,; appears in
the pulse envelope due to the periodicity of the photonic band,
and k;, is obtained from the relation Akpear = 2kin — 1. The
photonic band of the LSPCW needed to estimate k& and o’ was
independently calculated using the same parameters employed
in the FDTD simulation. As shown in Fig. 4, the wavelength
shifts AL for |uy| obtained from the simulation and from
Eq. (3) are in good agreement. The small difference might
be caused by the errors in ki, and the band calculation. We
are convinced that the main spectral peaks indicated by the
black arrows and the subpeaks indicated by the gray arrows
correspond to G, = —1 and G, = 0, respectively. The main
peak has an intensity that is approximately 20 dB higher than
that of the subpeak. This indicates that the Doppler shift for
G, = —1 is much more efficient than that for G, = 0.

IV. DISCUSSION

As shown in Fig. 3, two Doppler peaks, for G; = 0 and
G, 1, appear when |An| is large (e.g., An = —0.5). As
shown by Fig. 2, the larger but less efficient shift for G, = O is
due to the discontinuous transition from the initial operating

point to a point on the separate band. Thus, this shift is
considered as a so-called nonadiabatic Doppler shift [3,4].
On the other hand, the smaller but more efficient shift for
G, = —1 occurs through the continuous intraband transition,
suggesting some relevance with the adiabatic wavelength
conversion process [4]. Figure 3 also shows that the intensity
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FIG. 4. Comparison of the wavelength shifts for v, obtained from
FDTD simulation and Eq. (3) with k;;, = 0.52.
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FIG. 5. Signal pulse trajectory (blue line) obtained using Egs. (4)
and (5) with spatiotemporal change in |An| (color map of left panel)
and transition of the operating point of the signal pulse in the photonic
band, accounting for the corresponding frequency shift (right panel).
(a) vy, = —0.077¢ and maximum |An| is 0.1. (b) v, = —0.143¢ and
maximum |An| is 0.01.

of the Doppler peak decreases when |An| is small and |vp,| is
large, and other peaks that do not agree with the Doppler shift
appear. They can also be explained by the adiabatic wavelength
conversion.

The adiabatic frequency shift due to the index change
An(z,t) is given by [6]

wngé d

wé ad
w = —An(Z,l‘)dZ = — —Al’l(z,t)dt, (4)
cn  Jeo ot n Jc ot

where z is position, t is time, 7, is the group index of the signal
pulse, & is the dependence of the photonic-band frequency shift
on the change in the index, and C is the trajectory of the signal
pulse. Similarly, the wave number shift is given by

_ k()n g%_ ad koCE ad

Ak —An(z,t)dz = — An(z,t)dt.
n ol 8Z n C Bz
&)

The trajectory of the signal pulse can be obtained from
these equations by setting the initial values of w and k and
assuming the index slope of the mirror to be An(z,t) =
An(—z/v,, —t)/t. Figure 5 shows the resulting trajectory
(left panel) and transition of the operating point in the photonic
band (right panel). The color maps in the left panel depict the
spatiotemporal movement of the mirror |An| with vp,.

First, we consider the situation that the signal pulse is com-
pletely reflected and the Doppler shift occurs. Fundamentally,
the band shifts to the high-frequency side after passing through
the front of the mirror and penetrating inside, and the operating
point also shifts adiabatically with the band shift. Additionally,
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k shifts to the lower side, and the operating point thus moves
along the black oblique line. When Ak is sufficiently large and
the line crosses over the band edge (k = 0.5), the signal pulse
begins to propagate in a backward direction, behaving as if it
were reflected. Figure 5(a) shows the condition wherein the
signal pulse begins to backpropagate in the index slope of the
mirror and then returns to a position ahead of the mirror. Thus,
the operating point moves to the high-frequency side of the
initial band. From Egs. (4) and (5), the following equation is
obtained with the above An:

A“’—f 9 An(z.t)di /BA( Ndt = (6)
Ak Jear o ooz b= Um.

Therefore, Aw = vy, Ak. This is in accordance with Eq. (3)
because Ak =k — k;,, + 1 in this consideration. This means
that the black line depicting the adiabatic wavelength con-
version in the right panel of Fig. 5(a) is the same as the
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FIG. 6. Unique behaviors of a signal pulse under an incomplete-
reflection condition, shown by the trajectory of signal pulse and
transition of the operating point in the photonic band. (a) Stopping
of the signal pulse. (b) A backpropagating signal pulse behind the
mirror front. (c) Copropagation of a reflected signal pulse and mirror.
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oblique line showing the Doppler shift in Fig. 2. Thus,
the intraband Doppler shift is equivalent to the adiabatic
wavelength conversion. However, such a Doppler shift occurs
only when the signal pulse does not reach the end of the index
slope and returns to a position ahead of the mirror. The band
diagram in Fig. 5(a) indicates that the Doppler shift occurs
more easily when the band shift is large (|An| is large) and
the oblique line is flatter (v, is low). This behavior suitably
explains the ease of occurrence of the Doppler shifts indicated
by the black arrows in Fig. 3.

Next, the situation where the signal pulse is not reflected is
considered. When |An| is small, the signal pulse reaches the
end of the index slope, and when vy, is high, the operating point
does not cross over the k = 0.5 line. If these conditions are met
simultaneously, the signal pulse will continue to propagate in
the forward direction, as shown in Fig. 5(b). Considering some
intermediate situations between Figs. 5(a) and 5(b), further
unique behaviors of light propagation can be demonstrated.
If |An| is increased and/or vy, is decreased slightly compared
with those of Fig. 5(b), the operating point can terminate on the
k = 0.5 line [Fig. 6(a)], where the signal pulse almost stops in
the LSPCW. If | An| and/or vy, are changed further, the signal
pulse backpropagates but cannot go ahead of the mirror without
sufficient changes [Fig. 6(b)]. The spectral peaks indicated by
the white arrows in Fig. 3 are produced in this way. If vy
is carefully chosen such that the mirror and reflected signal
pulse copropagate, the frequency shift becomes particularly
large. This is because of the continuing interaction between
the signal pulse and index change as long as the trajectory
of the blueshifted signal pulse maintains the copropagating
condition.

The frequency shifts for situations except for those shown
in Fig. 5(a) are not considered for the reflection-type Doppler
shift discussed so far. One may regard part of them as extended
Doppler shifts induced by a moving dielectric boundary [18]
because their ongoing shifts correspond to the straight line of
the Doppler shift in the band diagram. However, the magnitude
of the final shift also depends on the band shift determined by
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the index change An(z,t), which is not the case for standard
Doppler shifts. Therefore, they are better explained by the
adiabatic wavelength conversion only or the extension of the
cross-phase modulation discussed in Ref. [6].

V. CONCLUSION

We have discussed the reflection and Doppler shift in the
signal slow-light pulse in a photonic-crystal waveguide, which
is generated by the photonic band-gap shift induced by the
nonlinearity of the control slow-light pulse. A wavelength
shift of 10-150 nm is expected for the band-gap shift moving
with a typical velocity of slow light (0.01¢-0.1¢ [19,20]).
Engineering the group velocity is a particular capability of
the photonic-crystal slow-light waveguide; thus, this approach
has the potential to provide flexible wavelength conversion
techniques. However, it requires a large index change of 0.01 to
obtain an effective shift exceeding 30 nm, which is a challenge
for experimental demonstrations. The index change based on
the TPA-induced carriers in Si is limited by the TPA itself to the
order of 0.001. The required index change is achievable using
a semiconductor material such as InP, which exhibits more
efficient carrier plasma dispersion [21]. Another candidate
material is a chalcogenide glass, which produces an index
change of ~0.01 for a reasonable pulse peak power of less
than 10 W through the huge optical Kerr effect [22].

We have also discussed the adiabatic wavelength conversion
in detail and revealed that the efficient intraband Doppler shift
is equivalent to the adiabatic wavelength conversion. We can
also explain another shift by the adiabatic process, which does
not reach the Doppler condition. We have clarified that the
Doppler shift occurs more easily with a larger index change
and a slower mirror.
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