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Supercontinuum generation (SCG) and its application on all-optical quantization of all-optical analog-to-digital con-
versions (AOADCs) at the mid-infrared region in an AlGaAs strip waveguide are investigated numerically. The simulation
results show that when the parabolic pulse is input, not only broader and higher-coherence SCG is obtained and a higher
effective number of bits (ENOB) can be achieved, compared with the input pulse with hyperbolic-secant and Gaussian
shaping. A four-bit quantization resolution is achieved along with a signal-to-noise ratio of 24.02 dB and an ENOB of
3.99 bit, and the required input peak power is 760 mW.
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1. Introduction
The mid-infrared region is a very important electromag-

netic radiation band containing two relatively transparent win-
dows in the atmosphere. It covers the characteristic spectral
lines of many important molecules. Therefore, a light source
operating in this band is very suitable for long-distance trans-
mission in the atmosphere, as well as for gas sensing, free
space communication, and high-precision medical and mili-
tary applications.[1,2] Therefore, this region has attracted con-
siderable interest from researchers.

Supercontinuum generation refers to the fact that many
new frequencies are generated in the spectrum of the transmit-
ted pulse when a high-power ultrashort optical pulse passes
through a nonlinear optical medium, such as a solid, liq-
uid, gas, or semiconductor, owing to various nonlinear ef-
fects in the medium. Consequently, the output pulse spectral
width is considerably broader than the incident pulse width.
SCG relies on the interplay of nonlinear effects, such as self-
phase modulation (SPM) and four-wave mixing (FWM), and
most SCG studies realized with optical fibers are difficult to
integrate.[3–7] Many smart SCG schemes based on various op-
tical waveguides covering the visible and near-infrared wave-
length regions were reported by many research groups over
the years.[8,9] In the mid-infrared wavelength region, SCG has
attracted increasing research interest.[5,10,11]

Compared with silicon-based materials and chalcogenide
materials, in the mid-infrared region, GaAs with a large non-
linear refractive index and a wide transparency spectral range
of 20 µm has been widely used as a substrate material.[12,13]

Therefore, it is very suitable for the generating the nonlinear
effect in all-optical signal processing devices. AlGaAs is an

alloy of GaAs and AlAs. When the Al content in AlGaAs
changes, the refractive index of AlGaAs changes.[14–16] After
years of development, the preparation technology of AlGaAs
has matured, which results in easy mass production and cost
reduction. Thus far, the application of AlGaAs waveguides in
nonlinear optics has been extensively investigated.[14–16]

Many practical applications related to all-optical signal
processing, ultra-high-speed optical systems, and nonlinear
optics require a large variety of pulse waveforms other than
Gaussian or secant pulse waveforms. The characteristics of
input pulses, such as the pulse width, pulse energy, initial
chirping, and initial pulse shape are very critical from the
viewpoint of pulse evolution. In recent years, rectangular
and parabolic pulses have attracted considerable attention ow-
ing to their favorable properties and features, such as resis-
tance to optical wave breaking, self-similarity in shape, and
enhanced linearity in chirp.[17–19] Parabolic pulses propagate
self-similarly in a dispersive medium with normal disper-
sion and nonlinearity. Therefore, the amplitude and width
scaling depends only on amplifier parameters and the input
pulse energy.[20] Owing to such features, parabolic pulses
find a wide range of applications, such as pulse compres-
sion and flat spectral broadening.[21–23] Recently, many sim-
ple approaches to the generation of parabolic pulses have
been demonstrated using super-structured fiber Bragg grat-
ing technology,[22,24] dispersion-decreasing fibers with normal
group-velocity dispersion,[17,21,23,25] or AWG.[26]

The AOADC, which aims to overcome the drawbacks
of electrical ADC, has attracted considerable attention.[27–31]

As the key process of AOADC, many smart schemes of all-
optical quantization techniques determining the speed and res-
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olution of conversion were proposed with nonlinear optical ef-
fects in optical fibers,[28–36] while the vast majority of mature
schemes pertaining to optical quantization employ soliton self-
frequency shift (SSFS).[32–36] SCG in nonlinear media is an
intensity-to-wavelength conversion of the input pulse,[37–40]

and it is feasible for application in all-optical quantization.
Several SCG-based quantization schemes were demonstrated
by many research groups.[38–40]

Here, simulations of SCG in the mid-infrared region and
its application on all-optical quantization are studied for the
first time based on an AlGaAs horizontal strip waveguide
with different types of input pulses, such as parabolic pulse,
hyperbolic-secant pulse and the Gaussian pulse. Owing to the
large nonlinear refractive index of AlGaAs, a strong nonlinear
interaction is realized, and the required power consumption
of the quantization scheme is reduced efficiently. Compared
with the hyperbolic-secant pulse and the Gaussian pulse, the
parabolic pulse offers advantages in terms of broadening, SCG
coherence, and ADC performance. As a result, four-bit quanti-
zation resolution along with ENOB of 3.99 bit and a signal-to-
noise ratio (SNR) of 24.02 dB are achieved with the parabolic
pulse, 3.97 bit and 23.45 dB with the hyperbolic-secant pulse,
3.973 bit and 23.92 dB with the Gaussian pulse.

2. Theoretical model and waveguide design
2.1. Theoretical model

At room temperature, the Sellmeier equations of
AlxGa1−xAs can be approximated as follows:[3,15]

n2(λ ) = A+
B

λ 2−C
−Dλ

2, (1)

where λ is the wavelength in micrometers, and the coefficients
A, B, C, D are defined as follows:

A(x) = 10.906−2.92x,
B = 0.97501,

C(x) =
{
(0.52886−0.735x)2, 0 6 x 6 0.36,
(0.30386−0.105x)2, 0.36 < x 6 1,

D(x) = 0.002467(1.41x+1),

(2)

where, x represents the molar content of aluminum in AlGaAs.
The dynamic process of pulse propagation in the AlGaAs

waveguide can be modeled with the generalized nonlinear
Schrödinger equation (GNLSE)[41] (Eq. (3)) and solved with
the fourth-order Runge–Kutta formula

∂A(z, t)
∂ z

+
α

2
A(z, t)− ∑

m>0

im+1βn (ω)

m!
∂ mA(z, t)

∂ t2

= iγ
(

1+
i

ω0

∂

∂ t

)
×
(

A(z, t)
+∞∫
0

R
(
t ′
)∣∣A(z, t− t ′

)∣∣2 dt ′
)
,

(3)

where A(z, t) is the slowly varying envelope of the electric
field, α is linear loss of the waveguide, and βn(ω) is the n-th
order dispersion parameter coefficient at the center frequency
ω0. The last item on the right side of equation (3) represents
third-order nonlinear effects, including self-phase modulation
(SPM) and delayed Raman response.[42]

R(t) = (1− fR)δ (t)+ fRhR(t), (4)

hR(t) as the Raman response function of the waveguide is given
as follows:[42]

hR(t) =
τ2

1 + τ2
2

τ1τ2
2

exp(−t/τ2)sin(t/τ1). (5)

Here, τ1 and τ2 are two adjustable parameters. In the normal
dispersion regime, R(t) is negligible owing to the small con-
tribution of the Raman effect to SC generation. In the normal
dispersion region, the main cause of SCG is SPM.

The hyperbolic-secant pulse occurs naturally in the con-
text of optical solitons and pulses emitted from a few mode-
locked lasers.[43] The temporal envelope expression associated
with such pulse is often described with the following form:

AP(t) =
√

PP sech
(

2
√

ln2
TP

t
)
, (6)

and the temporal envelope of the Gaussian pulse can be de-
scribed as

AP(t) =
√

PP exp
(
− i

(2
√

ln2)2

2T 2
P

t2
)
. (7)

Compared to the other pulse shapes, the parabolic pulse is
maintained as the pulse undergoes exponential temporal and
spectral broadening as well as an increase in amplitude. Fur-
thermore, the parabolic pulse can resist the deleterious effects
of wave breaking, which severely degrades the evolution of
pulses evolving in a nonlinear dispersive medium. The analyt-
ical expression for a parabolic pulse of energy is as follows:

AP(t) =


√

PP

√
1−2

t2

T 2
P

exp
(
− i

CP

2
t2
)
, |t| ≤ TP/

√
2,

0 |t|> TP/
√

2.

(8)

In the above formulas, PP is the peak power of the pulse, TP

is the temporal full-width at half-maximum, and CP is the lin-
ear chirp coefficient. At mid-infrared, the parabolic pulse can
be generated in a tapered chalcogenide microstructured optical
fiber,[44] or tapered silicon photonic wires.[45]

2.2. Waveguide design

As shown in Fig. 1(a), the waveguide is used with a strip
structure. The core domain consists of Al0.18Ga0.82As, sub-
strate domain is made of Al0.8Ga0.2As, and the upper cladding
region is air. Specifically, the dispersive value of the TE mode
is smaller than that of the TM mode. Hence, the quasi-TE
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mode is selected as the propagation mode for this waveg-
uide. The full-vector finite element method was used to an-
alyze the mode field distribution. The width w = 6 µm and
height h = 2.5 µm of the waveguide are optimized by analyz-
ing the effect of the waveguide geometrical parameters on the
dispersion and effective mode area for maximal nonlinear in-
teraction. Most of the guided-mode energy is confined tightly
within the core.

(a) (b)

1

0

x

w

h

Al0.8Ga0.2As L

z

y

Fig. 1. (a) Designed waveguide and (b) transverse profile of electric
field for quasi-TE polarization.

The nonlinear coefficient, γ0 = 2πn2/λ0Aeff, is deter-
mined by two factors, namely, nonlinear refractive index n2

and effective mode area Aeff (Eq. (9)).

Aeff =

(∫ ∫ +∞

−∞
|F(x,y)|2 dxdy

)2

∫ ∫ +∞

−∞
|F(x,y)|4 dxdy

, (9)

where F(x,y) is the modal distribution of the fundamental
waveguide mode.

The GVD is calculated as D=−(λ/c)d2neff/dλ 2, where
neff is the effective refractive index of the waveguide. Fig-
ure 2 shows the GVD parameter and β2 as a function of the
wavelength. Both β2 and D vanish at the zero-dispersion
wavelength near 3.6 µm. Aeff of the designed waveguide
at 3 µm is 0.058 µm2, and the nonlinear coefficient is γ =

180.55 W−1/m. The software COMSOL is used to calculate
the effective index that yields the propagation constant β . If
the number of dispersion terms is insufficient during SCG sim-
ulations, it is possible to result in inaccurate or deceptive re-
sults. Equation (3) is solved up to the 11th order of dispersion
and the dispersion data are fitted with Taylor series expansion
up to the 11th order of dispersion. The high-order dispersion
coefficients at 3 µm are calculated, and they are listed in Ta-
ble 1.

Table 1. The dispersion coefficients.

β 2 2.48×10−25 s2/m β 7 –1.12×10−94 s7/m
β 3 2.12×10−39 s3/m β 8 1.01×10−108 s8/m
β 4 –2.08×10−24 s4/m β 9 1.02×10−121 s9/m
β 5 1.28×10−67 s5/m β 10 3.67×10−136 s10/m
β 6 –2.51×10−81 s6/m β 11 –4.92×10−149 s11/m

AlGaAs is a widely used semiconductor material, and its
production process is rather mature. AlGaAs growth can be
achieved by using molecular beam epitaxy or metal organic
chemical vapor deposition with GaAs crystal as the substrate.
By using dry etching or wet etching, the desired waveguide
shape can be obtained and subsequently packaged.

3. Simulation and discussion
The designed III–V waveguide described above is used

to generate supercontinuum in the mid-infrared region. The
GNLSE given by Eq. (3) is numerically solved for SCG. The
length of the waveguide L = 1 cm. Figure 3 shows SCG
with different input powers (P0) for the input pulse width
T0 = 100 fs at −20 dB level and peak power of the input
pulses set to 100 mW, 1 W, 10 W, and 100 W. SCG with dif-
ferent input pulse widths (T0) is shown for the input power
P0 = 10 W at −20 dB and pulse width set to 100 fs, 300 fs,
500 fs, and 1 ps, respectively. When the initial width of the
incident pulse and the peak power are not the same, the effect
of dispersion and nonlinear effects on pulse evolution are also
different. The narrower the initial pulse width is, the stronger
the dispersion effect is. The higher the peak power of the ini-
tial pulse, the stronger the nonlinear effect is. Whether the
input pulse is hyperbolic-secant (Figs. 3(b), 3(e), 3(h), 3(k);
Figs. 4(b), 4(e), 4(h), 4(k)), Gaussian (Figs. 3(c), 3(f), 3(i),
3(l); Figs. 4(c), 4(f), 4(i), 4(l)), or parabolic (Figs. 3(a), 3(d),
3(g), 3(j); Figs. 4(a), 4(d), 4(g), 4(j)), the spectral width of
SCG increases as the input power increases with the same in-
put pulse width. The input pulse width is narrower, and the
spectrum of the supercontinuum is broader for the same in-
put power. Compared with the hyperbolic-secant pulse and
the Gaussian pulse, the parabolic pulse can generate a wider
spectrum for the same input pulse power or pulse width. The
influence of input power on the parabolic pulse is more obvi-
ous than that on the hyperbolic-secant pulse and the Gaussian
pulse.

2 3 4 5 6 7
-4000

-2000

0

2000

Wavelength/mm

G
V
D
/
p
sS
n
m
-
1
Sk
m
-
1

-2

-1

0

1

β
2
/
p
s2
Sm

-
1

Fig. 2. Variation of β2 and D with wavelength. Both β2 and D vanish at
the zero-dispersion wavelength near 3.6 µm.

Coherence describes the spectral randomness of SC un-
der the influence of random amplitude and phase noise. If
coherence is poor, the spectrum generated with different in-
put pulses into the waveguide shows large random fluctuations
owing to random power noise and phase noise, which means
the system is sensitive to the random noise in the incoming
signal when the coherence of SCG is low, and excessive ran-
domness of the spectrum leads to inconsistency in the amount
of spectral spread determined at the same power, resulting in
erroneous coding. A suitable measure of coherence for SCG
is the degree of coherence associated with each spectral com-
ponent. First-order coherence is defined as follows:[42,43]

054206-3



Chin. Phys. B Vol. 28, No. 5 (2019) 054206

∣∣∣g(1)12 (λ )
∣∣∣=
∣∣∣∣∣∣∣∣

〈
Ã∗1(λ )Ã2(λ )

〉√〈∣∣Ã1(λ )
∣∣2〉〈∣∣Ã2(λ )

∣∣2〉
∣∣∣∣∣∣∣∣ , (10)

where Ã(λ ) is the amplitude of the SC generated in the fre-
quency domain. To obtain more accurate results, 100 pairs
with independent random power noise and phase noise are
used in the simulation.
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Fig. 3. Spectra obtained with different pumping powers (T0 = 100 fs). The input pulses of panels (a), (d), (g), and (j) are parabolic pulses.
The input pulses of panels (b),(e), (h), and (k) are hyperbolic-secant pulses. The input pulses of panels (c), (f), (i), and (l) are Gaussian pulses.
L = 1.5 cm.
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Fig. 4. Spectra obtained with different pumping widths (P0 = 10 W). The input pulses of panels (a), (d), (g), and (h) are parabolic pulses. The
input pulses of panels (b), (e), (h), and (k) are hyperbolic-secant pulses. The input pulses of panels (c), (f), (i), and (l) are Gaussian pulses.
L = 1.5 cm.
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and (k) are hyperbolic-secant pulses. The input pulses of panels (c), (f), (i), and (l) are Gaussian pulses, when T0 = 100 fs.
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Fig. 6. Degrees of coherence. The input pulses of panels (a), (d), (g), and (j) are parabolic pulses. The input pulses of panels (b), (e), (h), and
(k) are hyperbolic-secant pulses. The input pulses of panels (c), (f), (i), and (l) are Gaussian pulses, when P0 = 10 W.

The degrees of coherence corresponding to Figs. 3 and
4 are shown in Figs. 5 and 6, respectively. Both degrees
of coherence around 3 µm are almost 1. The coherence
of the parabolic pulse is better than that of the hyperbolic-
secant pulse and the Gaussian pulse under the same condi-
tions. Excellent coherence can ensure stability of the quanti-
zation scheme. On the contrary, a coding error can occur when

the degree of coherence is not 1. Thus, it is essential that the
degree of coherence be close to 1 in quantization schemes that
employ slicing SC.

The schematic diagram of the proposed quantization
scheme by slicing SC is shown in Fig. 7. The sampled pulses
with different peak powers are incident on the designed III–
V waveguide. To indicate variations of the different pulses,
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two pulses with different peak powers and the same central
wavelength λ0 are plotted. Spectrum broadening of the optical
pulses occurs due to the interaction between waveguide dis-
persion and nonlinearity. Therefore, the intensity of the sam-
pled pulse can be converted into the SC width of the optical
parameters. By measuring the width of the SC, the input sam-
pled pulse can be quantized. To determine the width of the
generated SC, a set of filters can be placed in the long-wave

direction at the input pulse center wavelength. At the output

end of each filter, the optical signals are converted into electri-

cal signals by photodetectors, and these electrical signals are

judged using comparators.[46,47] A decision threshold is set. If

the detector output exceeds the fixed threshold, the state of the

port is “ON”, and the marked code is “1”. Otherwise, the state

of port is “OFF”, and the code is “0”.

compurator

compurator

compurator

PD

PD

PD

λ1
λ1λ2…λ15

λ0

λ0

λ2

λ15

P

λ

P

λ

t

t

sampled pulse

waveguide

filters

Fig. 7. Schematic diagram of proposed spectral quantization (PD: photoelectric detector).

For this scheme, the width of the input pulse with a center
wavelength of 3 µm is set to 100 fs. The input pulse power is
increased from 200 mW to 760 mW. The −15 dB band- width
of SCG is measured, as shown in Fig. 8. Fifteen filters are
used to slice the generated SC to achieve four-bit quantization
resolution. A nonlinear relationship exists between the peak

power of the input pulse and the width of the SC, and special
design of the non-uniform filters can improve the system res-
olution. Tables 1, 2, and 3 list the center wavelengths of the
filters. The research on mid-infrared tunable filters is becom-
ing increasingly mature,[48–51] and tunable filters with AlGaAs
waveguides was studied, which can be used for integration.[49]
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Fig. 8. Spectrum width for different input peak powers: (a) parabolic pulse, (b) hyperbolic-secant pulse, and (c) Gaussian pulse.

Table 2. The center wavelength of the 15 filters for the hyperbolic-secant pulse.

No. Center wavelength/nm No. Center wavelength/nm No. Center wavelength/nm

1 3151 6 3170 11 3188

2 3155 7 3174 12 3192

3 3159 8 3177.5 13 3195.5

4 3163 9 3181 14 3199

5 3166.6 10 3184.5 15 3203

Table 3. The center wavelength of the 15 filters for the parabolic pulse.

No. Center wavelength/nm No. Center wavelength/nm No. Center wavelength/nm

1 3152.5 6 3171 11 3189.5

2 3156 7 3174.5 12 3193

3 3160 8 3178.5 13 3197

4 3163.5 9 3182 14 3201

5 3167 10 3185.5 15 3204.5
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Table 4. The center wavelength of the 15 filters for the Gaussian pulse.

No. Center wavelength/nm No. Center wavelength/nm No. Center wavelength/nm
1 3151.8 6 3170.2 11 3188.5
2 3155.8 7 3174.2 12 3192.5
3 3159.2 8 3178 13 3195.6
4 3163.2 9 3181.5 14 3199.8
5 3166.8 10 3185 15 3204
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Fig. 9. Output peak powers of 15 filtering ports spaced evenly as a function of input peak powers ((a), (b), (c)). The corresponding quantization
transfer function of the four-bit quantization scheme ((d), (e), (f)). Differential nonlinear error and integral nonlinear error with the filtering ports
((g), (h), (i)). The input pulses of panels (a), (d), and (h) are parabolic pulses. The input pulses of panels (b), (e), and (h) are hyperbolic-secant
pulses. The input pulses of panels (c), (f), and (i) are Gaussian pulses.

On the Stokes side of the pump wavelength, the change
in filter power from mark “0” to “1” to the next filter from
“0” to “1” corresponds to the least significant bit (LSB) of the
designed filter. Nos. 1 to 15 in Fig. 9(a), 9(b), and 9(c) rep-
resent the first to the fifteenth filters. When the input pulse is
hyperbolic-secant, 3151 nm–3203 nm range is selected as the
filtering area, and 5.9 µW is used as the power threshold. From
Fig. 9(b), it can be seen that the power used for quantification
is 460 mW–760 mW, and the LSB is 20 mW. The correspond-
ing transfer function is shown in Fig. 9(e), where the solid line
(blue) represents the ideal transfer function, and the dashed
line (red) represents the simulated transfer function. When the
input pulse is Gaussian, we set 3151 nm–3203 nm as the fil-
tering range and 3 µW as the power threshold. From Fig. 9(b),
the power used for quantification is 410 mW–760 mW, and

the LSB is 23.3 mW. The corresponding transfer function is
shown in Fig. 9(e). When the input pulse is parabolic, we
set 3314 nm–3374 nm as the filtering area and 1.9 µW as the
power threshold. From Fig. 9(a), the power used for quan-
tification is 360 mW–760 mW, and the LSB is 26.7 mW.
The larger LSB is beneficial for improving ENOB. The cor-
responding transfer function is shown in Fig. 9(d). It can be
seen from Figs. 9(d)), 9(e), and 9(f) that difference exists be-
tween the simulated and the ideal values. The calculated dif-
ferential nonlinear error (DNL) and the integral nonlinear er-
ror (INL) errors[50] are shown in Figs. 9(g), 9(h), and 9(i).
The maximum value of DNL is 0.18 LSB and that of INL
is 0.17 LSB when the input pulse is hyperbolic-secant. The
maximum value of DNL is 0.17 LSB and that of INL is 0.15
LSB when the input pulse is Gaussian. The maximum value
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of DNL is 0.09 LSB and that of INL is 0.11 LSB when the
input pulse is parabolic. The effective number of bits (ENOB)
and the signal-to-noise ratio (SNR) were found to be 3.97 bit
and 23.54 dB for the hyperbolic-secant pulse, 3.973 bit and
23.92 dB for the Gaussian pulse, and 3.99 bit and 24.02 dB for
the parabolic pulse.

With increased spectral bandwidth, this scheme can be
used to achieve high speed and multi-bit quantization. As seen
from Fig. 10, when NOB = 2, 3, 4, the corresponding ENOB
of parabolic pulse is higher than that of gaussian pulse and hy-
perbolic secant pulse, but the difference is not large. When
NOB = 5, 6, the difference between the ENOB corresponding
to the parabolic pulse and the ENOB of the Gaussian pulse and
the hyperbolic secant pulse is high up to 0.5 bit. Therefore, it
can be seen from the Fig. 10, compared with gaussian pulse
and hyperbolic secant pulse, the parabolic pulse shows notice-
able improvement of ENOB. The advantages of the parabolic
pulse are more obvious at higher resolutions.

2 3 4 5 6
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3

4

5

6

parabolic pulse
Gaussian pulse
hyperbolic secant pulse

E
N

O
B

NOB

4.10

4.00

3.90
4

Fig. 10. Relationship between NOB and ENOB for different pulses.

4. Conclusion

In summary, the influences of pulse width, peak power,
and pulse type on SCG with an AlGaAs horizontal strip
waveguide is investigated in the mid-infrared region, their ef-
fects on all-optical quantization of AOADC are also dicussed
with different input pulses. Results show that when the type of
input pulse is parabolic, the SCG is broader and has higher co-
herence. Owing to the high nonlinear coefficient of the III–V
waveguide in the mid-infrared region in this scheme, the input
pulse peak power required to reach the appropriate SCG is re-
duced, resulting in low power consumption and an integrated
quantization scheme. The generated high-coherence SC can
be used for AOADC applications to reduce coding error and
enhance ENOB. The SNR and ENOB are 23.54 dB and 3.97-
bit for the hyperbolic-secant pulse, 23.92 dB and 3.973-bit for
the Gaussian pulse, and 24.02 dB and 3.99-bit for the parabolic
pulse. In an M-bit (M > 4) quantization scheme, the advan-
tages of the parabolic pulse will be more obvious.
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