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Bright optical soliton propagation properties near the left band edge of photonic crystal waveguide (PCW)
are numerically investigated. Compared with the normal PCW with air background, by employing polysty-
rene as PCW background and adjusting the structure parameters simultaneously, the required soliton peak
power sharply decreases from 8.63×106 W/m to 9.98×102 W/m. The influence of optical loss on soliton
propagation is numerically investigated. The dynamic modulation of the soliton propagation in PCW is real-
ized, and a modulation range of 459 nm wavelength for the soliton transmission has been achieved. Simula-
tion results show that the transmission wavelength, required soliton peak power and delay time decrease
almost linearly as the external modulated voltage increases; the modulation sensitivities are 8.316 nm/V,
3.416 W/m/V and 16.6 ps/V, respectively.
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1. Introduction

In photonic crystal waveguide(PCW), the periodic lattice structure
leads to extremely strong material dispersion; thus the group velocity
of the guided modes that in the photonic band gap (PBG) will be sub-
stantially reduced which caused slow light [1]. Slow light based on
PCW has been a research focus in optical communications due to its
broad range of applications, such as optical delay lines, highly nonlinear
devices, all-optical buffer and etc. [2–8].

However, the slow light region near the photonic band edge is usu-
ally accompanied by large group velocity dispersion (GVD) which se-
verely deforms the optical pulses of high speed optical signals
severely, and thus disturbs its practical application. In the linear regime
[3,7–11], the main method to solve the large GVD is to realize tailored
negligible dispersion or dispersion compensation [3,7–11]; even so,
the maximum bit rate which can be achieved at a specified delay is
still considerably limited [10]. Benjamin J. Eggleton has first reported
the nonlinear optical pulse compression and soliton propagation in
fiber Bragg gratings, which showed that solitons can be formed in peri-
odic structures [12]. A relevant amount of work about Bragg solitons in
fiber Bragg gratings has been investigated by Benjamin J. Eggleton et al.
[13–15]. The results of Thomas Kamalakis et al's studies [16–18] show
that the soliton can be supported in photonic crystal coupled resonator
optical waveguides(CROW) [17] and near the band edge of line PCW,
theoretically [18]. Moreover, Colman et al. have experimentally demon-
strated the optical soliton compression in slow-light photonic crystal
waveguide [19,20]. Christelle Monat et al. have also experimentally
studied that various nonlinear phenomena are enhanced due to slow
light in silicon photonic crystalwaveguides [21]. All theseworks and re-
sults show that using soliton pulses as information carriers in the non-
linear regime has opened a new way towards exploiting the low
group velocity that PCW has exhibited. Soliton communication is espe-
cially appealing in optical network for its advantages. However, Thomas
Kamalakis et al's work only focused on soliton propagation in the con-
ventional PCW [16–21]; actually, the required soliton peak power can
be further reduced by optimizing. Moreover, for practical application,
the controllable all-optical devices are the most critical components
[22]. For this reason, it is quite necessary to realize the dynamic modu-
lation of the soliton propagation in PCW.

In this paper, we investigate the soliton propagation properties of a
line defect PCWwith polystyrene background. Firstly, we focus on op-
timizing the soliton propagation performance of the PCWby appropri-
ately adjusting the structure of the waveguide. Then, the influence of
optical loss on soliton propagation in PCW is examined. Lastly, the sol-
iton propagation dynamic modulation realized by external voltage is
discussed, including transmission wavelength, the required soliton
peak power and delay time.



Fig. 1. Schematic of the line defect PCW with Si-rods and polystyrene background.
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2. The theoretical model

2.1. The model of the nonlinear pulse propagation in PCW

The propagation of optical pulses inside a PCW follows the following
equation [18,23]:

j
δA
δz

þ ΓA
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Eq. (1) can describe the pulse evolution as it propagates along the
PCW. A is the envelope of the electric field along the PCW. The coeffi-
cient Γ is related to the optical losses, andz is the propagation dis-
tance. The function m(l) is defined as m(l)=mod(l,2), while the
coefficient βl is the group velocity dispersion coefficient (for l=2)
or a higher order dispersion coefficient (for lN2 ).

The GVD parameter is given by [1]
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d v−1

g

� �
dω

¼ 1
c
dng

dω
¼ d2k

dω2 ð2Þ

where ω is the normalized frequency, k is the wave vector, c is the
light velocity in vacuum and vg is the group velocity which can be
obtained by the slope of the guide mode as

vg ¼ ∂ω
∂k ¼ c

nþω dn
dω

¼ c
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ð3Þ

where ng=n+ω(dn/dω) is the group index.
The delay time is given by [3]

Ts ¼ L
vg

¼ ng

c
×L ð4Þ

where L is the length of PCW.
The coefficient γ is the SPM coefficient which can be calculated

using [18]

γ ¼ 2ω0

a
∫
SW

dSεNL e0j j4 ð5Þ

The constant a is the period of the lattice along the z-direction, SW
is the area of the unit cell, ande0 is the y-component Bloch function of
the electric field. The PWE method can be used to calculate e0 in the
entire unit cell. εNL is the nonlinear dielectric constant given by [18]

εNL rð Þ ≅ 2ε0nn2 rð Þ εL rð Þ=μð Þ1=2 ð6Þ

In Eq. (6), ε0 is the dielectric constant of vacuum, n is the refractive
index of the dielectric, n2 is the nonlinear refractive index and μ is the
magnetic permeability. Numerically integrating εNL|e0|4 over the en-
tire cell, the value of γ is calculated.

Near the left band edge of PCW, β2b0, bright solitons are sup-
ported; the initial condition for the bright soliton solution is [18,23]

A 0; Tð Þ ¼
ffiffiffiffiffi
P0

p
sec h T=T0ð Þ ð7Þ

where T0 is the initial soliton width determined by T0≈ tFWHM/1.76,
tFWHM is the FWHM of the pulse and P0 is the required soliton peak
power, determined by

P0 ¼ β2j j
γT2

0

ð8Þ
Substitute tFWHM=1/4Rb into Eq. (8); Eq.(8) can be rewritten as

P0 ≅ 49:5
β2j j
γ

Rb
2 ð9Þ

where γ is the SPM coefficient, β2 is the GVD parameter, and Rb is the
bit rate of the signal.

2.2. The PCW model

The PCWwe research consisting of a single line defect and triangular
lattice Si-rods is illustrated in Fig. 1. The nonlinear refractive index of Si
rods is n2-Si=1.5×10−16 m2/W [18]. As shown in the figure, the back-
ground material of PCW is polystyrene, which has both high nonlinear
refractive index n2 and large electro-optic coefficient γ33. The nonlinear
refractive index of polystyrene is n2-polystyrene=−9.3×10−13 m2/W
[24], which is much larger than that of the frequently used nonlinear
materials in photonic crystals. For example, the nonlinear refractive
index of GaAs is n2-GaAs=1.6×10−17 m2/W [25], and that of GaInP is
n2–GaInP=8×10−18 m2/W [26]. Thus the SPM coefficient γ can be im-
proved due to the large value of n2-polystyrene. In addition to the large
nonlinear refractive index n2-polystyrene, the polystyrene also has a high
electro-optic coefficient (10 pm/V to 170 pm/V) [27], which can be
used to realize electro-optic modulation. The refractive indexes of the
Si and polystyrene are 3.5 and 1.59.

In this paper, the optimization of the soliton propagation perfor-
mance is achieved by adjusting some PCW structure parameters. As
shown in the figure, the lattice constant is a. The radius of the first
two rows of rods adjacent to the defect is denoted by r1, the second
two rows' is r2 and the remaining rows' is r. Δx1 and Δx2 represent
the shifted along waveguide axis of the first and second two rows ad-
jacent to the defect, respectively. The width of the common wave-
guide is D. The width of the waveguide becomes d by moving the
first two rows of air-holes symmetrically.

3. Optimization of bright soliton propagation performance in PCW

Within our work, several PCW structure parameters have been ad-
justed to achieve the optimization of bright soliton transmission perfor-
mance. The main criterion which has been followed during the
optimization is that the required soliton peak power P0 is reduced. By
changing the PCW structure parameters, the shape of the guided
mode changed, so the properties of the guided mode such as the
group velocity, group velocity dispersion and field distribution changed
accordingly, which finally leads the change of the required peak power
P0 for soliton propagation in PCW. The structure parameters r, r1, r2,Δx1,
Δx2, and d are adjusted to obtain the reduction of the required peak



Fig. 3. Group index ng and group velocity dispersion β2 near left band edge of the guided
mode of PCW.
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power P0. The optimized PCW structure is shown in Fig. 1; the parame-
ters are r=0.215a, r1=0.725r, r2=1.05r, Δx1=0.101a, Δx2=0.278a,
d=0.8D, and D=√3a.

The typical band diagram for TM-like polarized light in PCW is
obtained and shown in Fig. 2. The properties of PCW are calculated by
using the plane-wave expansion (PWE) method. The defect mode in-
side the band gap is studied by replacing a 1×10 unit cell with a super-
cell that is 1 unit in the X-direction and 10 units in the Z-direction in the
PWE calculation, as shown in the upper left inset of Fig. 2. In simulation
analysis, the wave vector K is normalized wave vector, and frequency is
normalized frequency ωa/2πc. As seen, the PCW supports only a single
guided mode in PBG, which is the result we pursued.

Fig. 3 sketches the group index and group velocity dispersion of
the PCW. The small value of K represents the left edge of guide
mode. It can be seen that there is a large increase in ng near the left
band edge of the guided mode. The GVD curve indicates that the dis-
persion relation is such β2b0 near the left band edge, so the bright
soliton can be considered in PCW [18].

In this paper, we focus on the slow light based on the bright soliton
pulse propagation at the wave vector point K0=0.01389 where near
the left band edge of PCWwith polystyrene background. It can be calcu-
lated that the group index is ng≈69 and the group velocity dispersion
is β2≈−2.71×108 ps2/km at K0=0.01389. The lattice constant a is cho-
sen to be 438 nm so that the wavelength of K0 is 1550 nm. The required
soliton peak power P0 and delay time Ts are used to estimate the soliton
transmission performance. P0 and Ts are calculated by using Eqs. (9)
and (4), separately. Fig. 4. illustrates the relation between the required
soliton peak power density P0 and the bit rate of the signal Rb of the
PCW. It can be seen that P0 becomes larger with the increase of Rb.

Now, have a look in detail at how the soliton performance can be
improved by using polystyrene as PCW's background and adjusting
the structure parameters. Actually, an optimized PCW with air back-
ground and Si rods for soliton propagation has been got in our previ-
ous research work [28].

Here, in order to describe it more clearly, Table 1 gives a compar-
ison between the PCW with polystyrene background (PCW-P) in this
paper and the PCW with air background (PCW-A) in Ref.[28]. The
structure parameters and soliton performance of two PCWs (when
Rb=100 Gb/s, waveguide length L=1 cm) are shown in Table 1. As
shown in the table, the two PCW structures have the same group
index ng=69, while compared with PCW-A, P0 of PCW-P has a signif-
icant reduction and sharply decreases from 8.63×106 W/m to
9.98×102 W/m, which has got a 8.65×103 times reduced. This is
mainly due to the fact that the nonlinear refractive index of polysty-
rene is much larger than that of air. It reveals that the soliton
Fig. 2. Photonic band of the PCW for the TM-like polarization. The upper left inset
sketches the supercell used in PWE calculation.
propagation in PCW-P is much better than that in PCW-A, yet has
the same slow light delay time Ts=2.3 ns. Meantime, the SPM coeffi-
cient γ of PCW-P is 7.47×103 times larger than that of PCW-A. All the
results indicate that the soliton performance is effectively improved
in our proposed structure.

The soliton propagation waveform in PCW and the normalized elec-
tric field of the supercell are also numerically investigated. Fig. 5(a)
shows the bright soliton propagation without higher order dispersion
effects and optical loss in PCW. The distance is in the unit of the disper-
sion length LD, and the length of PCW is L=1 cm; thus the distance is
L=1343×LD after calculating. As shown in the figure, the soliton
pulse propagates without waveform distortion. Consequently, it is
Fig. 4. Required soliton peak power density P0 as a function of the bit rate of the signal
Rb in PCW.



Table 1
The structure parameters and soliton performance of the two PCWs.

Structure Structure parameters Soliton performance

a (nm) r (a) r1 (r) r2 (r) d (D) Δx1 (a) Δx2(a) P0 (W/m) Ts (ns) ng γ (W−1)

PCW-P 438 0.215 0.725 1.05 0.8 0.101 0.278 9.98×102 2.3 69 134.37
PCW-A 472 0.25 1.2 1 0.8 0 0 8.63×106 2.3 69 0.018
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especially appealing in optical communications. Fig. 5(b) is normalized
electric field in the supercell of PCW. It can be seen that the local of the
electric field is well, which suggests that the soliton pulse signal can
propagate effectively in PCW.

In the above analysis, the optical loss was assumed negligible. In
practical application, optical loss exists in PCW; thus it is necessary
to study the effects of optical loss on soliton propagation perfor-
mance. The influence of optical loss can broaden the soliton pulse,
and the broadening factor BF of soliton pulse is calculated to evaluate
the soliton stability in the presence of loss; it is given by Ref. [18]

BF zð Þ ¼ B3dB zð Þ
B3dB 0ð Þ ð10Þ

where B3dB(z) is the calculated FWHM of the soliton envelope A(z,t).
Fig. 6 sketches the broadening factor BFLOSS of the bright soliton

when taking optical loss into account in PCW-P, when Rb is 100 Gb/s.
As shown in the figure, it is concluded that soliton pulses are sensitive
to loss, and BFLOSS increases almost linearly as the optical loss increas-
ing. A 33% broadening obtained for Γ is 3 dB/m, so it reveals that the op-
tical loss must now be kept smaller than 3 dB/m in order to avoid pulse
broadening beyond 33% [18]. Fig. 7 presents the bright soliton pulse
propagation in PCW-P when Γ is 3 dB/m, and Rb is 100 Gb/s.

4. Dynamic modulation of soliton propagation in PCW

For practical application, it is important to recognize that the sol-
iton propagation can be controlled by an external command. Among
the available materials for photonic applications, the polymers have
attracted great interests due to their high electro-optic coefficient
(10 pm/V to 170 pm/V) [27] and fast response time. In addition, the
electro-optic effect can be greatly enhanced in the PCW with low
group velocity. Due to this fact, we combine the highly nonlinear
characteristics of polymers with the good high-index guiding proper-
ties of silicon structure to achieve the dynamic modulation of soliton
propagation in PCW. Two electrodes have been placed on each side of
Fig. 5. (a) Bright soliton propagation in PCW; (b
PCW as shown in Fig. 8. This means that the electrostatic field lines
are parallel to the Z axis, allowing the large electro-optic coefficient
γ33 in polystyrene to be used [29].

4.1. Electro-optic effect enhanced in PCW

In the presence of an external voltage, the refractive index of poly-
styrene is affected by Pockels effect, which relates to second order
susceptibility χb2N. In PCW with slow light, the nonlinear effects can
be greatly enhanced [27,29], which is due to the compression of
local density of states. The refractive index of variation of PCW with
slow light is generally calculated as [3,30]

Δn ¼ −1
2
×n3

poly ×γ33 × f 3×
U
d

ð11Þ

In Eq. (11), U is the external modulated voltage, d is the distance
between the electrodes, γ33 is the electro-optic coefficient, and f is
the local-field factor in PCW caused by slow light; it can be calculated
as [27,29]

f ¼
ffiffiffiffiffiffiffiffiffiffiffi
vBULKg

vPCg

vuut ð12Þ

where vg
BULK is the group velocity in the bulk polystyrene, and vg

PC is
the group velocity in the PCW. In our work, we put γ33=80 pm/V,
for PCW structure, npoly=1.59,d=3.1 μm. Substituting vg

PC=c/69
into Eq. (12), the local-field factor f is calculated to be 6.6.

4.2. Dynamic modulation of the soliton transmission in PCW

Fig. 9 plots the shift of the guided mode due to different applied
modulated voltages. As shown, the guided mode shifts to higher fre-
quency with the increasing of applied modulated voltage. The maxi-
mum modulation voltage for PCW is calculated to be 55 V, as the
) normalized electric field of the supercell.



Fig. 6. Broadening factor for soliton pulse with the consideration of loss in PCW-P,
Rb=100 Gb/s, L=1 cm.

Fig. 8. Schematic configuration of dynamic modulation in PCW.
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results show that the frequency of wave vector K0 is not in the PBG of
PCW when the modulated voltage UN55 V. It can be seen that when
the applied modulated voltage U is 0 V, 10 V, 20 V, 30 V, 40 V, 50 V
and 55 V, the normalized center frequency is 0.28227, 0.29770,
0.31546, 0.33592, 0.35951, 0.38647 and 0.40098, respectively. These
results indicate that the shift of guided mode can be tuned by chang-
ing the voltage externally. Therefore this characteristic can be applied
to manipulate the slow light based on soliton pulse with given fre-
quency dynamically and conveniently.

In order to describe the modulation property more clearly, Fig. 10
plots the wavelength of soliton pulse as a function of applied modu-
lated voltage. It can be seen that the wavelength decreases almost lin-
early as the applied voltage increasing. Thus, more refined mode shift
can be obtained by tuning the voltage more exactly when U≤55 V.
The modulation sensitivity is about 8.316 nm/V. When U=55, the
wavelength of soliton pulse is 1091 nm, so it is concluded that the
electro-optic modulation of PCW has realized a wavelength range of
Fig. 7. (a) Bright soliton pulse propagation in PCW-P for Γ=3 dB/m, Rb=100 Gb/s;
(b) pulse shape at z=0 and z=L=1 cm.
459 nm for the soliton transmission, which has covered the whole
wavelength range of conventional optical communications.

Furthermore, changes in GVD β2, SPM coefficient γ and group
index ng with the increasing of applied modulated voltage can occur
as well, which are also studied and shown in Fig. 11. Fig. 11(a) indi-
cates the GVD β2 and SPM coefficient γ as a function of applied mod-
ulated voltage; it is found that both the values of |β2| and γ decrease
with the increase of the modulated voltage. The more detailed calcu-
lations of ng and |β2|/γ are shown in Fig. 11(b). Thence, according to
Eqs. (4) and (9), it is easy to get the conclusion that the delay time
Ts and soliton required peak power P0 have the same changes trend
with that of ng and |β2|/γ.

The change trend of the required soliton peak power P0 and delay
time Ts as modulated voltage increasing is shown in Fig. 12. When
the modulated voltage U is 0 V, 10 V, 20 V, 30 V, 40 V and 50 V, the re-
quired soliton peak power P0 is 998.3 W/m, 951.9 W/m, 911.7 W/m,
875.8 W/m, 843.7 W/m, and 827.5 W/m, and the delay time is
2.32 ns, 2.12 ns, 1.93 ns, 1.76 ns 1.61 ns, and 1.49 ns respectively.
The results suggest that both P0 and Ts decrease as modulated voltage
increases, which is caused by the decrease of |β2|/γ and ng, separately.
ComparingFig. 12 with Fig. 11(b), it could be easily found that the
changes in the curves of P0 and |β2|/γ are exactly identical, and the
same situation occurs between Ts and ng. When modulated voltage
U≤50 V, it can be seen that both P0 and Ts decrease almost linearly
as U increased, and the modulation sensitivities of P0 and Ts are
about 3.416 W/m/V and 16.6 ps/V, respectively. Thus, for the given
PCW, the required soliton peak power and delay time can be con-
trolled flexibly by adjusting the appliedmodulated voltage accurately.
Fig. 9. Guided mode shift as the modulated voltage increasing.



Fig. 10. Wavelength of soliton pulse as a function of applied modulated voltage. Fig. 12. Required soliton peak power P0 and delay time Ts as the modulated voltage
increases.
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It is interesting to note that when UN50 V, P0 increases with the
increase of U, which is mainly due to the properties changes of the
guided mode.

5. Conclusion

In summary, by using the polystyrene material which has both
high nonlinear refractive index n2 and large electro-optic coefficient
γ33 as the background of PCW, we have not only achieved the opti-
mized high-performance bright optical soliton propagation in PCW,
but also realized the dynamic modulation of the soliton propagation.
After adjusting the parameters of the proposed structure, compared
Fig. 11. (a) GVD β2 and SPM coefficient γ as a function of applied modulated voltage;
(b) ng and ∣β2∣/γ as a function of applied modulated voltage.
with the PCW with air background, the required soliton peak power
sharply decreases from 8.63×106 W/m to 9.98×102 W/m, while the
delay time remains unchanged as Ts=2.3 ns when L=1 cm. The in-
fluence of optical loss on soliton propagation is numerically investi-
gated. The simulation results indicate that the optical loss should be
kept smaller than 3 dB/m in order to avoid pulse broadening beyond
33% in our proposed PCW for L=1 cm. Moreover, a wavelength mod-
ulation range of 459 nm for the soliton transmission has been
achieved, which covers the whole wavelength range of conventional
optical communications. The simulation shows that the wavelength,
required soliton peak power and delay time decrease almost linearly
as the external voltage increases; the modulation sensitivities are
about 8.316 nm/V, 3.416 W/m/V and 16.6 ps/V, respectively. These re-
sults provide an important theoretical basis for the high-performance
soliton application based on PCW in optical communication network.
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