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Six-bit all-optical quantization using photonic crystal fiber with
soliton self-frequency shift and pre-chirp spectral
compression techniques®
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In this paper, we propose an optical quantization scheme for all-optical analog-to-digital conversion that facilitates
photonics integration. A segment of 10-m photonic crystal fiber with a high nonlinear coefficient of 62.8 W~ !/km is utilized
to realize large scale soliton self-frequency shift relevant to the power of the sampled optical signal. Furthermore, a 100-
m dispersion-increasing fiber is used as the spectral compression module for further resolution enhancement. Simulation
results show that 317-nm maximum wavelength shift is realized with 1550-nm initial wavelength and 6-bit quantization
resolution is obtained with a subsequent spectral compression process.
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1. Introduction

With the rapid development of ultra-wide-band applica-
tions such as high speed optical communications, advanced
radar systems, real-time signal monitoring, and so on, the re-
quirements for high performance analog-to-digital convertor
(ADC) techniques have become more and more urgent.!!?]
The electrical ADC has been remarkably improved during the
last decade, whose state of the art resolution and sample rate
can reach 10-bit and several giga-samples per second respec-
tively. However, it still can not meet the requirements of much
higher sample rate systems due to its inherent electrical bottle-
neck of the sampling aperture and the comparator./'=3! Fortu-
nately, an all-optical ADC (AOADC) based on nonlinear op-
tics effects can overcome the electrical field problems. Several
effective schemes have been proposed for the quantization of
the AOADC. For instance, Miao et al. and Oda et al. proposed
2-bit AOADC utilizing photonic crystals and supercontinuum
spectrum slicing, respectively,*! Ikeda er al. realized 3-bit
resolution using a Sagnac interferometer,®! Konishi ez al. re-
alized the state of art 5 and 6-bit resolution cascade operation
of optical quantization and coding, with soliton self-frequency
shift (SSFS) and spectral compression techniques.!”-3! How-
ever, in the scheme of the current highest 6-bit AOADC, a fiber
module of more than 2-km was used for optical quantization,
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which is disadvantageous for photonics integration. In addi-
tion, no more than 100-nm frequency shift was obtained. This
is a great limitation to the resolution enhancement.

In this paper, we present an AOADC utilizing 10-m pho-
tonic crystal fiber (PCF) instead of the 1-km high-nonlinear
fibers in Refs. [7] and [8] as the SSFS module and 100-m
dispersion-increasing fiber (DIF) as the spectral compression
module, respectively. The frequency-shift effect and the spec-
tral compression efficiency are simulated and discussed to ver-
ify the performance and the feasibility of our proposed ap-
proach.

2. Principle of operation

Highly efficient SSFS”-'?l and spectral compression
based on DIF[!3-19] are key techniques of this proposed ap-
proach. SSFS can be used to realize the optical quantization
due to its temporal power dependence property of frequency
shift, and spectral compression can further enhance the quan-
tization resolution. Generally, we can analyze these nonlinear
phenomena by solving the generalized nonlinear Schrédinger
equation (GNLSE) which is represented as!!”!
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where o represents the attenuation, 8, and B3 are dispersion
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coefficients, ¥ is the nonlinear coefficient, and 7R is the Ra-
man coefficient. SSFS is mainly effected by the last two terms
(self-steepening and the Raman effect) in the right-hand side
of Eq. (1), while spectral compression corresponds to the first
SPM term on the right.
(MOM), the distinct physical meaning of frequency shift and

By using the method of moment

the pulse width variation can be obtained. Extracting four pa-
rameters of pulse moment, we can obtain

E:/:O\A|2dt,
:é/wthdt,
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where E is the energy moment, o is the time-delay moment,
Q is the frequency shift moment, p is the root-mean square
pulse-width moment, A is the complex amplitude of optical
pulse. For the hyperbolic secant pulse, calculating derivative,
substituting GNLSE, and making simplification, we can obtain
the solution of this equation set as follows:
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where T = V/12p/m is the pulse width and C is the pulse
chirp. In the base-order soliton case (0.5 < N < 1.4), E =

It is evident that the frequency shift of SSFS is closely related
to the parameters ¥, Py, and |f,|. Much larger frequency shift
values can be obtained by increasing ¥ and Py while decreas-
ing |B2|. In such a case, there is a tradeoff when designing a
certain fiber.

From the last terms of Eq. (3), the increase of pulse-width
T can be realized with a certain fiber-parameter configuration.
For example, when the optical pulse transmits at the anoma-
lous dispersion region (3, < 0) and 3 > 0, C < 0, T will in-
crease continuously with the increase of 3, which means that
the width of its spectrum can be correspondingly compressed.
However, in most other cases, the variation of 7' can hardly
be judged since there is a summation process of two oppo-
site components. By utilizing a segment of DIF, such spectral
compression can be easily obtained.

3. Simulation and discussion

According to the above theoretical analysis, we propose
an optical quantization scheme utilizing PCF and DIF as the
nonlinear processing medium. The schematic diagram is
shown in Fig. 1. The initial analog signal is firstly sampled to
a serial of optical pulses with different values of power. This
result can be effectively realized by the optical parametric pro-
cessing. In addition, for simulation only, an optical attenuator
can be used to obtain the result of sampling. Then, the sampled
discrete pulses are delivered into a segment of PCF. After the
transmission in the PCF, different wavelength shifts according
to different sampled powers can be obtained due to the SSFS
effect, with which the optical quantization is realized. Quan-
tized signals are subsequently delivered into the spectral com-
pression module, which is a segment of DIF (by comparison, a

1.2-km complex structure consisting of several alternant com-

2 |ﬁ2‘ / (,y]-v), and the frequency shift can be further Slmpllﬁed bination of SMF and HNLF is utilized in Refs. [7] and [8]) and
as facilitates photonics integration due to its simple structure. At
last, the final quantized signals are sent into an arrayed waveg-
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Fig. 1. (color online) Schematic diagram of proposed optical quantization. SSFS: soliton self-frequency shifting, PCF: photonics
crystal fiber, DIF: dispersion increasing fiber, AWG: arrayed waveguide grating.
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In our simulation, a hyperbolic secant optical source with
200-fs FWHM width, 40-GHz repetition, and 1550-nm center
wavelength is utilized. For holding the base-order soliton, the
peak power span is set from 220 W to 375 W. In the SSFS
module, a 10-m PCEF is utilized for optical quantization and
its structure is shown in Fig. 2. The PCF has a core diameter
of 1.7-um and air ration of d/A = 80%. The core is doped
with 2% Ge. This structure results in a high nonlinear coef-
ficient of 62.8 W~ !/km at 1550 nm. Other corresponding pa-
rameters at 1550 nm are calculated to be B, = —152 ps?/km,
B3 = —0.11 ps’/km, and o = 40 dB/km, respectively.

d/A=80%

2% Ge doping

Fig. 2. (color online) Structural diagram of the high nonlinear PCF.

The frequency shift variation diagrams at several typical
power points are shown in Fig. 3(a). With the increase in the
initial peak power, the center wavelength of spectrum moves
towards the longer wavelength region. At the maximum power
of 375 W, the center wavelength is 1867 nm, which means
317-nm frequency shift is obtained. Figures 3(b) and 3(c)
show the effects of different y and 3, on the frequency shift.

All currents of the wavelength shift are proportional to the ini-
tial peak power. With the increase in 7, the increase of wave-
length shift becomes square growth. By contrast, the wave-
length shift is inversely proportional to |f,|. However, it is not
mean that larger frequency shift can be obtained by continu-
ally decreasing |8,|. From the curve of B, = —127 ps*/km, we
can find that the wavelength shift starts to slow down and tends
to be flattened after the peak power of 330 W. Therefore, the
tradeoff among these parameters should be considered when
designing appropriate fibers.

Resolution is a key measurement of optical quantization
and can be represented as

N = log, <;lshift + AAFwHM ) 5)
AAFwHM
where Agpif; is the wavelength shift after SSFS, AAgpwpwm is the
FWHM of spectrum width. It is obvious that, to obtain a large
resolution N, a larger A, and a smaller AAgpwum should be
achieved. Since we have obtained quite a large wavelength
shift of 31-nm previously, a further decrease of AApwym Will
be much effective for the resolution enhancement. For re-
alizing the spectral compression, a segment of 100-m DIF
with parameters of ¥ = 3.5 W~ !/km, B, = —0.6 ps?/km—
—13.5 ps?/km, B3 = 0.02 ps*/km, o = 0.4 dB/km at 1550 nm
is utilized. The DIF can be manufactured by properly increas-
ing the core radius in its propagation direction, y and f3 are
constant here because their variation along with the core size is

14,18] The spectrum diagram of non-chirp

typically negligible.!
200-fs (corresponding band-width is 12.7 nm) pulse propagat-
ing after the DIF is shown in Fig. 4(a). Different compression
results corresponding to different initial peak power are calcu-

lated.
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Fig. 3. (color online) Spectrum analysis after SSFS module. (a) Wavelength shift diagrams after SSEFS with different peak power. (b) Peak power

versus shift with different y. (c) Peak power versus shift with different 3.

The output spectrum widths decrease monotonically with
the increase in the peak power. In addition, with the peak
power of 80 W, a 4.5-nm FWHM can be obtained. This result
means that the spectrum compression ratio (BW_in/BW _out)

is 2.8. However, extra large wavelength shift occurs gradually

with the increase in the peak power and 10-nm wavelength
shift almost occurs with 80-W peak power. Such wavelength
shift is harmful to the optical quantization because it will in-
duce the spectrum overlapping of the neighbouring compo-

nents. For further improvement, a pre-chirp process is added
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before DIF transmission. This process can be realized by uti-
lizing a small segment of single model fiber. Figure 4(b) shows
the compressed spectrum with the initial chirp of —1. Com-
paring with the ones of C = 0, the compression ratio is en-
hanced while the wavelength shift is not extra large. Taking
the one with peak power of 80 W for example, 4-nm spec-
trum width is obtained after DIF transmission. This means that
the compression ratio is increased to 7.75. Combining with
the 317-nm wavelength shift, we obtained previously, the 6-
bit quantization resolution is obtained. Meanwhile, only 2-nm
shift occurs and it is within the allowed scope because the final
spectrum width is 4 nm. Figures 4(c) and 4(d) show the evo-
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lution diagrams of C =0 and C = —1 with 80-W peak power,
from which a more intuitional change occurs. Peak power ver-
sus compression ratio diagrams with different pre-chirps are
shown in Fig. 5(a). Compression ratio monotonously increases
with peak power in any case of chirp. However, more effec-
tive compression can be obtained when pre-chirp is —1. Fig-
ure 5(b) shows that the signal’s bandwidth after DIF transmis-
sion increases monotonously with the decreases of pre-chirp
and peak power. Since a smaller final bandwidth, which can
be explained in Eq. (5), can directly enhance the quantization
resolution, larger pre-chirp should not be chosen. Therefore, a
pre-chirp close to —1 is the optimal setting.
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Fig. 4. (color online) Analysis of spectral compression. (a) Spectral variation with different Py, C = 0. (b) Spectral variation with
different Py, C = —1. (c) Evolution diagram, C = 0, Py = 80 W, 200 fs. (d) Evolution diagram, C = —1, Py = 80 W, 200 fs.
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Fig. 5. (color online) Different peak powers and pre-chirp effects on compression ratio and final band-widths. (a) Peak powers versus
compression ratio curve. (b) Pre-chirp versus final band-widths curve.

4. Conclusion

In summary, we proposed an optical quantization ap-
proach for all-optical analog-to-digital conversion utilizing
SSFES and spectral compression techniques. By using PCF as

the SSFS medium, 317-nm wavelength shift is obtained. To re-
alize large scale wavelength shift, the necessary length of PCF
is only 10 m. This means that the size of the SSFS module

can be much smaller than those previously proposed based on
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HNLF. With the effective spectral compression process using
a short DIF of 100-m, we finally realize a 6-bit quantization
resolution which is consistent with the state of art achieve-
ments. Negative pre-chirp close to —1 is proved to be efficient
for increasing the spectral compression ratio and decrease the
wavelength shift after the spectral compression process. Com-
paring with the pre-existing schemes, the total fiber length we
used is only 110 m so that this proposed quantization scheme
is more in line with the concept of miniaturization and inte-
gration. Therefore, our proposed quantization scheme for all-
optical analog-to-digital conversion can meet the developing
trend of optical signal processing devices and has great poten-
tial for future commercial applications.
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