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On-chip integratable all-optical 
quantizer using strong cross-phase 
modulation in a silicon-organic 
hybrid slot waveguide
Zhe Kang1,*, Jinhui Yuan1,2,*, Xianting Zhang1, Xinzhu Sang1, Kuiru Wang1, Qiang Wu1,3, 
Binbin Yan1, Feng Li2, Xian Zhou2, Kangping Zhong2, Guiyao Zhou4, Chongxiu Yu1, 
Gerald Farrell5, Chao Lu2, Hwa Yaw Tam2 & P. K. A. Wai2

High performance all-optical quantizer based on silicon waveguide is believed to have significant 
applications in photonic integratable optical communication links, optical interconnection networks, 
and real-time signal processing systems. In this paper, we propose an integratable all-optical quantizer 
for on-chip and low power consumption all-optical analog-to-digital converters. The quantization is 
realized by the strong cross-phase modulation and interference in a silicon-organic hybrid (SOH) slot 
waveguide based Mach-Zehnder interferometer. By carefully designing the dimension of the SOH 
waveguide, large nonlinear coefficients up to 16,000 and 18,069 W−1/m for the pump and probe signals 
can be obtained respectively, along with a low pulse walk-off parameter of 66.7 fs/mm, and all-normal 
dispersion in the wavelength regime considered. Simulation results show that the phase shift of the 
probe signal can reach 8π at a low pump pulse peak power of 206 mW and propagation length of 5 mm 
such that a 4-bit all-optical quantizer can be realized. The corresponding signal-to-noise ratio is 23.42 dB 
and effective number of bit is 3.89-bit.

The tremendous development of Internet technologies and IP business led to the ever-increasing demand in 
communication bandwidth. Analog-to-digital converters (ADCs) are the “bridge” that connects the real world 
with modern day digital technology, which plays a key role in ultra-wideband digital communication networks 
and information processing systems. High performance all-optical ADCs are expected to overcome the elec-
tronic bottleneck of conventional electrical ADCs and the bandwidth limitation of photonic-assisted ADCs1–3. 
Also, since future broadband digital systems would be supported by massively parallel processing, the photonic 
integration ability of all-optical ADCs is critical in meeting the requirements of on-chip mass fabrication, low 
power consumption, and low cost. However, the research of integratable all-optical ADCs is still at the early stage 
and much more work needed to be done. As the key process of all-optical ADCs, optical quantization techniques 
have been extensively studied in the last decade. The reported all-optical quantization schemes can be roughly 
divided into two categories, they are electro-optic modulators based phase-shifted optical quantization (PSOQ)4,5 
and third-order nonlinear optical effects based optical quantization schemes. The former however are not strictly 
all-optical owing to the active operation of electro-optic modulators. By contrast, because of the totally passive 
operation and ultrafast response time at femtosecond level, the latter schemes show great advantages in analog 
bandwidth, sampling rate, and achievable quantization resolution. Typical nonlinear optical quantization schemes 
reported are realized in silica highly nonlinear fibers (HNLF), e.g. the spectral quantization using supercontin-
uum (SC)6 and soliton self-frequency shift (SSFS)7–9, and the multi-period phase quantization using cross-phase 
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modulation (XPM)10–12. Compared with the SC- and SSFS-based optical quantization, the XPM-based schemes 
have much lower power thresholds, higher linearity of power-to-phase conversion, and better cascade ability to 
achieve a higher resolution12. However, because of the weak nonlinear interaction in the SiO2-based materials, 
high pulse power, large pulse width, and long fiber length are required. Thus, fiber-based quantization schemes 
cannot meet the requirements of photonic integration and low power consumption of future all-optical ADCs. 
Silicon-on-insulator (SOI) technology is compatible with complementary metal oxide semiconductor (CMOS) 
process and can confine the optical waves into submicron region because of the large refractive index difference 
between the silicon and substrate material13,14. But, conventional SOI waveguides suffer from inherent nonlin-
ear absorption losses, i.e. two-photon absorption (TPA) and free carrier absorption (FCA), which significantly 
reduce the efficiency of the nonlinear interaction. Moreover, the pulse repetition rate is greatly limited by the 
free carriers. The reverse-biased p-i-n diode structure should be used to eliminate the impacts of free carriers15. 
Some nonlinear signal processing schemes using XPM effect in conventional SOI waveguide have been reported, 
e.g. nonlinear phase modulation16,17, all-optical switching18, wavelength conversion19–21, and modulation format 
conversion22,23. However, to the best of our knowledge, there is no such report on all-optical ADCs because of the 
demanding power requirement and large nonlinear absorption of conventional SOI waveguides. A slot mecha-
nism is proposed based on conventional SOI waveguide, which can provide strong sub-wavelength mode confine-
ment in a low index nonlinear material sandwiched between two silicon wires24–26. The horizontal slot structure 
can minimize the scattering loss induced by the sidewall roughness, and allows unlimited slot thickness when 
compared to the vertical structure27,28. By filling the slot with high nonlinear index materials, e.g. the poly [bis 
(p-toluene sulfonate) of 2, 4-hexadiyne-l, 6-diol (PTS) single crystal polymer material (n2 =  2.2 ×  10−16 m2W−1 
around 1600 nm), the nonlinear coefficient can be more than 2 ×  104 W−1/m24,29. Such a strong nonlinearity ena-
bles efficient nonlinear interaction in a short propagation length of only several millimeters and low power level. 
Meanwhile, PTS exhibits negligible TPA and four-photon absorption (4PA), and no FCA in the near-infrared 
region30. Only three-photon absorption (3PA) at low level should be considered. Therefore, the XPM effect in the 
PTS based silicon-organic hybrid (SOH) waveguide is ideal for on-chip integratable all-optical quantization with 
large analog bandwidth, high repetition rate, and low power consumption.

In this paper, we propose for the first time an integratable all-optical quantizer using strong XPM and interfer-
ence in a SOH slot waveguide based Mach-Zehnder interferometer (MZI). The dimensions of the SOH slot wave-
guide is carefully designed to simultaneously achieve large nonlinear coefficients of pump and probe signals and 
the appropriate dispersion characteristics, which ensure high efficiency of XPM effect. The nonlinear interaction 
and the quantization performances are numerically studied, and related problems are also discussed.

Results
Principle of operation.  The objective is to design an integratable optical quantizer which can divide the 
power range from 0 to Pmax into 2N equal levels, where Pmax is the maximum peak power of the sampled pulses, 
and then to represent the 2N power levels by using an N bit binary code. The physical implementation is by using 
the power variation of a probe signal induced by XPM in an SOH-MZI. Figure 1(a) shows the schematic of an 
SOH-MZI, which consists of a 2 ×  2 multimode interferometer (MMI), a multiplexer, four strip-to-slot convert-
ers, two SOH waveguides, and the access strip waveguides. The MMI is used for the coupling and interference at 
the input and output ports of the MZI. The strip-to-slot converter is used to couple the access strip waveguides 
to the SOH waveguides. Coupling between the pump and probe pulses is realized by the multiplexer. A similar 
structure has been successfully fabricated and demonstrated in the literature31. A pump pulse is input into one 
arm while a probe pulse synchronized to the pump pulse is coupled to both arms of the SOH-MZI. The phase 
shift of the probe pulse inside the SOH-MZI waveguide consists of the linear phase shift induced by dispersion 
and the nonlinear phase shift induced by self-phase modulation (SPM) and XPM. Since by design XPM occurs in 
only one arm of the SOH-MZI, the probe pulses in the upper and lower arms will have a phase difference. When 
combined at the end of the interferometer, the output power of the probe varies periodically with the input power 
of the pump pulses to the SOH-MZI because of the phase difference. The output power of the probe from the 
SOH-MZI is given by32

ϕ
=

− (∆ )
( )P P [1 cos ]

2 1
s

out
XPM

where Ps is the probe pulse peak power, ∆ϕ XPM is the XPM-induced phase shift from the pump to probe pulse. 
The linear phase shift and SPM-induced phase shift of the probes in two arms are identical by design so that they 
are not appear in Eq. (1). The phase difference ∆ϕ XPM can be roughly estimated by 2γ spPpLeff, where γ sp is the non-
linear coefficient, Pp is the peak power of the pump pulses entering the SOH waveguide, and Leff is the effective 
propagation length of the waveguide. Thus, the XPM-induced phase shift is directly proportional to the pump 
pulse peak power, i.e. the peak power of the sampled pulses, which can be used to realize the quantization process.

Figure 1(b) shows the schematic of the proposed N-bit quantizer. Sampled pulses at different peak power 
levels, which can be realized by four-wave mixing (FWM) in silicon waveguides, are used as the pump signal. 
The probe signal at the same peak power level is generated at the appropriate wavelength by a mode-locked laser 
diode (MLLD) and kept synchronous with the pump. After splitting inside Splitter 1 and Splitter 2, respectively, 
the pump and probe are simultaneously delivered into each of the N SOH-MZI based quantization channels but 
co-propagated in one of the arms only. After propagation inside the N SOH-MZI quantization channels, the 
probes in each of the channels are filtered by appropriate optical band-pass filters, and sent into the photodiodes 
and comparators for detection and binary decision.

The operation of the proposed quantizer is as follows. The pump beam consisting of pump pulses at peak 
power varying between 0 to Pmax to be digitized are input to a 1 × N splitter (Splitter 1). The splitting ratio of 
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Splitter 1 is chosen to be 1:2:4: …:2N−1. The outputs of Splitter 1 are labeled such that the one with the weakest 
output power is labeled the 1-st output, the second weakest output is the 2-nd output, and so on. Thus the pump 
pulse peak power of the i-th output of Splitter 1 ( )Pp

1  =  2i−1 ( )Pp
1 , where ( )Pp

1  is the pump pulse peak power of the first 
output. When the input pulse peak power to Splitter 1 varies between 0 and Pmax, the pulse peak power of its i-th 
ouput varies from 0 to 2i−1

,
( )Pp max
1  , where ,

( )Pp max
1  is the maximum pump pulse peak power that will enter the first 

SOH-MZI. The total output power of Splitter 1 is given by (2N− 1) ( )Pp
1  which is less than but proportional to Pmax. 

A probe beam consisting of local probe pulses at the same peak power is input into another 1 × N splitter (Splitter 
2). The splitting ratio of Splitter 2 is chosen to be 1:1:1: …:1.

The N SOH-MZIs are arranged such that the i-th output of Splitter 1 and an output from Splitter 2 are 
connected to the input of the i-th SOH-MZI. Thus the input pump pulse peak power to the i-th SOH-MZI is 
P(i)

p =  2i−1P(1)
p. The parameters are chosen such that 2γ spP(1)

p,maxLeff =  π . By this choice of parameters and from 
Eq. (1), when the input power to the optical quantizer varies between 0 and Pmax, the power transfer funcion of 
the i-th SOH-MZI will go through 2i−2 periods. In other words, the power transfer functions of the N SOH-MZIs 
will go through half-, one-, two-, …, and 2N−2 periods respectively when the sampled pulses power varies from 
0 to Pmax. From Eq. (1), the output of all the N SOH-MZIs varies between 0 and Ps. We use a threshold value of 

Figure 1.  (a) A schematic diagram of an SOH-MZI, (b) a schematic diagram of the proposed all-optical 
quantizer with N quantization channels b1, b2, …, bN, (c) the power transfer function of the detected probe 
signals at the N quantization channels, and (d) the corresponding coding table. OBPF: Optical band-pass filter, 
PD: Photodiode, COMP: Comparator, MMI: Multimode interferometer.
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Ps/2 in the comparator to decide the output of each SOH-MZI as 0 and 1, which depends on whether the output 
is larger or smaller than Ps/2 or vice versa.

Figure 1(c) shows the power transfer functions of the detected probes for N quantization channels. By defining 
the decision results of b1 as the least significant bit (LSB) and bN as the most significant bit (MSB), the N-bit Gray 
codes can be obtained, as shown in Fig. 1(d). For example, the code for 0 <  P <  ∆P is 0…000, ∆P <  P <  2∆P is 
0…001, … etc, where 0 <  P <  Pmax is the input pump pulse peak power and ∆P =  Pmax/2N. The proposed quantizer 
will quantize any pulse power in the range from 0 to Pmax into a unique N bit binary code depending on which 
of the 2N equal levels the pulse power belongs. The quantization resolution N equals to the number of SOH-MZI 
used, and the required maximum number of period is 2N−2.

Design and modeling of the SOH horizontal slot waveguide.  Figure 2(a,b) show the 3-D structure 
and cross-section of the SOH horizontal slot waveguide, respectively. A silicon dioxide layer is deposited on top 
of the silicon wafer to form the substrate. Above the substrate, the PTS slot layer with a thickness s is sandwiched 
between two silicon strip waveguides. The upper and lower silicon strip waveguides have the same width w and 
height h, which are formed by amorphous silicon (a-Si) and crystalline silicon (c-Si), respectively. The upper 
cladding is air. Deep-UV lithography and hard mask etching methods, together with low-pressure chemical vapor 
deposition (LPCVD) or plasma-enhanced chemical vapor deposition (PECVD), can be used to fabricate such a 
horizontal slot structure. The deposition of PTS can be achieved by spin-coating or, for a more homogeneous 
deposition, molecular beam deposition. The detailed fabrication procedure has been demonstrated in26,28,33.

A full-vector finite element method (FEM) is used for the eigenmode calculation. The simulation domain is 
4 ×  4 μ m2 with a 0.4 μ m thick perfectly matched layer. An adaptive mesh refinement is used to ensure computa-
tion accuracy. Since electric field discontinuity occurs at the horizontal interface of such a waveguide structure, 
the quasi transverse-magnetic (TM) polarization should be concerned here. Several combinations of w ×  h with 
w ∈  {230 ~ 340 nm} and h ∈  {215 ~ 320 nm} are selected for the mode analysis. In order to obtain accurate dis-
persion characteristics, the material dispersions of a-Si34, c-Si35, PTS36, and SiO2

37 are considered. Figure 3(a–d) 
show the second-order dispersion coefficients (β2) calculated as a function of wavelength for different waveguide 
dimensions when the slot thickness s increases from 20 to 50 nm at 10 nm interval.

We observed that the β2 curves all shift towards the longer wavelength side when w ×  h is increased. Also, 
larger s leads to larger β2 values. For s =  50 nm, β2 is positive, i.e. normal dispersion, in all the wavelengths from 
1200 to 1800 nm for all the combinations of w ×  h studied. In order to avoid parametric gain induced by FWM 
and soliton related processes, both the pump and probe should be located in the normal dispersion regime. 
Also, in order to simultaneously obtain a smaller effective area, i.e. a larger nonlinear coefficient, we chose 
w ×  h =  230 ×  215 nm2 and s =  40 nm as the waveguide dimensions in the following investigation. The central 
wavelengths of the pump and probe are chosen to be 1600 and 1530 nm, respectively. The corresponding β2 
values are 1.31 and 0.817 ps2/m. Figure 4(a,b) show the normalized power density of the quasi-TM polarization 
of probe and pump along the Y direction respectively. The insets are the corresponding transverse profiles of the 
electric field for the quasi-TM polarization. We observed that most of the electric field energy of the pump and 
probe is tightly confined inside the slot, which shows the excellent mode confinement ability of the proposed 
SOH waveguide.

The effective refractive index neff and group index ng of the waveguide as a function of wavelength are shown 
in Fig. 5(a). At the wavelengths of 1530 and 1600 nm, ng is found to be 3.625 and 3.607, respectively. Thus, the 
probe trails the pump with a walk-off parameter of 66.7 fs/mm. The walk-off parameter is relatively small for the 
waveguide so that the efficiency of XPM from pump to probe can be maintained. Figure 5(b) shows the calculated 
third-order dispersion coefficients (β3) and effective mode area Aeff as a function of wavelength. The β3 of the 
pump and probe are − 0.0139 ps3/m and − 0.0045 ps3/m, respectively. For large refractive index contrast of the 
proposed SOH waveguide, Aeff is defined by24,27

Figure 2.  The (a) 3D structure and (b) cross-section of the SOH horizontal slot waveguide. a-Si: amorphous 
silicon; c-Si: crystalline silicon.
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Figure 3.  (a–d) show the second-order dispersion coefficients (β2) calculated as a function of wavelength when 
the slot thickness s increases from 20 to 50 nm at interval of 10 nm respectively for different combinations of 
waveguide dimensions w ×  h.

Figure 4.  Normalized power density of the quasi-TM polarization of (a) probe and (b) pump. The insets 
illustrate the corresponding transverse profiles of the electric field for the quasi-TM polarization.
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covers the whole cross-section Dtotal, whereas the integral in the denominator covers only the slot region DNL. The 
effective areas of the pump and probe are found to be 0.054 and 0.05 μ m2, respectively.

The dynamics of the co-propagating pump and probe pulses inside the SOH slot waveguide can be modeled 
by the coupled nonlinear Schrödinger (NLS) equations as follows37,38
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where, T =  t −  z/vgp is the retarded frame moving with the pump at the speed of vgp, vgp is the group velocity of 
pump, Av(z, T) (v =  p, s) is the slowly varying envelope of the electric field of the pump or probe along the prop-
agation direction z, d =  (vgp −  vgs)/vgpvgs is the walk-off parameter, βmv is the m-th order dispersion coefficients 
for the v beam (v =  p, s), α  is the linear loss coefficient, and γ uv (u, v =  p, s) is the complex nonlinear coefficient, 
which is given by

γ γ γ
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3PA are the real and imaginary part of the nonlinear coefficient, βuv
3PA is the 3PA parameter, 

=a a auv u v  is the average effective area, and fuv is the mode-overlap factor defined as38
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In the proposed scheme, we calculated fps =  fsp =  0.98. With the nonlinear refractive index n2 =  2.2 ×  10−16 m2/
W29, the real nonlinear coefficients of pump and probe are calculated with Eq. (5) to be respectively 16,000 and 
18,069 W−1/m, which are about 6 and 2 orders of magnitude higher than that of the HNLF37 and strip SOI wave-
guides24. The integral terms at the right hand sides of Eqs. (3) and (4) account for the Raman contribution. The 
function hR(t) is the Raman response function, and Ω uv =  ωu −  ωv is the frequency detune. The parameter γ uv

R 
is the Raman nonlinear parameter which scales with Γ R/Ω R38. Here, Γ R/π  is the full width at half-maximum 
(FWHM) of the Raman gain spectrum, and Ω R/2π  is the Raman frequency shift. From the literature, the first 
Raman gain peak of PTS has a Raman frequency shift of 952 cm−1 (i.e. 28.6 THz) and an FWHM of about 
310 GHz39,40. Thus, γ uv

R of the proposed SOH waveguide is quite small and can be neglected. Meanwhile, the 
28.6 THz Raman frequency shift is much larger than the frequency difference between the pump and probe. 
Considering the two points above, the Raman contribution can be neglected in the coupled NLS equations. We 
note the frequency dependence of γ uv is negligible in our models because the nonlinear refractive index and effec-
tive mode areas change slightly within the wavelength regime considered16.

Figure 5.  (a) The effective refractive index and group index, and (b) the third-order dispersion coefficient (β3) 
and effective area of the waveguide calculated as a function of wavelength.
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Quantization performances.  Eqs (3) and (4) are numerically solved by the split-step Fourier method. 
Gaussian pulses with 0.8 and 0.5 ps pulse width are used as the pump and probe, respectively. The pulse width of 
the probe is chosen to be a little smaller than that of the pump to ensure sufficient XPM interaction with negligible 
influence on the walk-off. The 3PA parameters of the pump and probe, i.e. βpp

3PA and βss
3PA, are 0.72 and 0.5 cm3/

GW2, respectively30. The cross-3PA parameter is βps
3PA =  0.61 cm3/GW2 from the relation βps

3PA =  β3PA(ω′ ), 
where ω′  =  (ωp+ ωs)/2 is the average angular frequency. Then, βsp

3PA =  0.64 cm3/GW2 can be obtained by 
βps

3PA ×  (ωs/ωp)38. Figure 6 shows the temporal and spectral dynamics of the pump and probe along the prop-
agation length inside the proposed SOH slot waveguide, which is 5 mm long with 4.5 dB/cm linear loss30,41. The 
linear loss consists of the absorption losses of the materials and the mode confinement loss of the waveguide. The 
pump and probe pulse peak powers are chosen to be Pp =  240 mW and Ps =  0.2 mW, respectively. It is evident that 
the temporal widths of both the pump (Fig. 6(a)) and probe (Fig. 6(b)) are narrowed during the propagation. We 
also note that the probe gradually walks off from the pump. At the end of the waveguide, the temporal separation 
between the pump and probe pulses is 0.33 ps. Such a temporal separation is relatively small when compared to 
the pulse width of the pump or probe so that the probe always overlaps with the pump during the propagation, 
thus maintaining efficient XPM interaction. Considering the pulse width difference between the pump and probe 
(0.3 ps) and the small walk-off parameter (0.33 ps), initial temporal delay between the pump and probe is no 
longer necessary. Figure 6(c) shows that the spectrum of the pump is almost symmetrical broadened and splits 
during propagation. Since the peak power of the probe pulse is much smaller than that of the pump, the spec-
tral broadening and splitting of the pump pulse are mainly induced by SPM of the pump itself. In contrast, the 
spectral dynamic of the probe pulse is induced by XPM from the pump and shows typical asymmetric features, 
as shown in Fig. 6(d). The trailing edge of the probe pulse has a larger chirp so that the spectrum is significantly 
shifted towards the blue side. More important, the degree of broadening and splitting of the probe pulse is larger 
than that of the pump pulse because the XPM-induced chirp is about twice larger than the SPM-induced chirp.

In order to simultaneously show the temporal and spectral dynamics, the cross-correlation frequency-resolved 
optical gating (X-FROG) traces of the pump and probe at Pp =  240 mW and Ps =  0.2 mW are illustrated in 
Fig. 7(a,b), respectively. We observed that the spectra of the pump and probe split into 5 and 10 peaks, respec-
tively. By estimating the FWHM, the pump spectrum is both red- and blue-shifted by 20 nm to 1620 and 1580 nm 
respectively from the central wavelength of 1600 nm. The probe gets a larger blue-shift of 41 nm to about 1489 nm 
and a red-shift of 38 nm to 1568 nm from the central wavelength of 1530 nm. Most of the spectral energy of probe 
is contained in the blue-shifted component around 1495 nm. This wavelength can be used as the central wave-
length of the optical bandpass filter (OBPF) to extract the probe. Unlike the varying spectra, the temporal shapes 
of the pump and probe pulses remain almost unchange with only slight compression. Thus the XPM effect during 
propagation inside and the interference at the end of the SOH-MZI are not affected. The temporal shape of pulse 
is mainly affected by the dispersion effect. The dispersion length of pump and probe pulses can be calculated by 

Figure 6.  Temporal and spectral dynamic of (a,c) the pump pulse and (b,d) the probe pulse along the 
propagation length at Pp =  240 mW and Ps =  0.2 mW.
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LDv =  T0v
2/|β2v|, (v =  p, s). The dispersion lengths of the pump LDp =  0.49 m and that of the probe LDs =  0.31 m are 

both much larger than the waveguide length of 5 mm, which means dispersion does not significantly affect the 
pulse dynamic. In contrast, the nonlinear lengths are given by LNLuv =  1/γ vuPu, (u, v =  p, s). The SPM length of the 
pump is LNLpp =  0.26 mm and that of the probe is LNLss =  0.28 m. The XPM lengths of pump to probe and probe 
to pump are LNLps =  0.24 mm and LNLsp =  0.3 m, respectively. The nonlinear lengths indicate that the SPM and 
XPM contribution of the probe is negligible. Thus, the dynamic of the co-propagating pulses is dominated by the 
nonlinear contribution of pump to the probe.

To analyze the influence of linear loss α  and 3PA, the frequency detunes of the pump and probe are calculated 
by taking the derivative of the phase at different loss conditions, as shown in Fig. 8(a,b). The leading and trailing 
edges of the pump pulse have almost the same chirp. The maximum and minimum frequency detunes of the 
pump are 2.39 and − 2.38 THz respectively with both linear loss and 3PA. However, in the case of the probe, the 
trailing edges have a larger chirp, and the frequency detune is asymmetric. The results agree well with that shown 
in Figs 6 and 7. With both linear loss and 3PA, the maximum and minimum frequency detunes of the probe are 
5.23 and − 4.92 THz, respectively. Figure 8 also shows that 3PA has little effect on the frequency detune. Taking 
the probe as example, the maximum and minimum frequency detunes can reach 5.27 and − 4.96 THz respectively 

Figure 7.  X-FROG traces of the (a) pump and (b) probe at Pp =  240 mW and Ps =  0.2 mW, respectively. The 
corresponding normalized temporal (blue line) and spectral (red line) profiles are also illustrated.

Figure 8.  Frequency detunes of the (a) pump and (b) probe under different loss conditions.
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without 3PA. But, when both linear loss and 3PA are ignored, the maximum and minimum frequency detunes 
increase to 6.72 and − 6.23 THz, respectively.

Figure 9(a) shows the maximum XPM-induced phase shifts ∆φXPM when Pp increases from 0 to 240 mW 
under different loss conditions. The ∆φXPM is obtained by calculating the phase change of the probe pulse before 
and after propagation inside the waveguide with Eqs (3) and (4). We observe the ∆φXPM varies almost linearly 
with the pump pulse peak power without linear loss and 3PA. At the pump pulse peak power of 240 mW, ∆φXPM 
reaches about 12π . When only linear loss or both linear loss and 3PA are considered, ∆φXPM also varies almost 
linearly with the pump pulse peak power but at a lower rate. Even with both linear loss and 3PA, a π  phase shift 
can be achieved by only 24 mW pump pulse peak power. The phase shifts ∆φXPM reaches 9.3π  at Pp =  240 mW. 
The relation ∆φ ≈  (K −  0.5)/π  can be used to estimate the amount of nonlinear phase shift, where K is the number 
of peaks of the output spectrum16. For the 9.3π  phase shift, the peak number of probe spectrum should be 10, 
which is quite consistent with the spectral results shown in Figs 6(d) and 7(b). The maximum phase shift of pump 
at 240 mW is calculated to be 4.5π , which also agrees well with the 5 spectrum peaks result in Figs 6(c) and 7(a). 
Figure 9(b) shows the wavelength broadening ∆λ  of the pump and probe as a function of Pp when both linear loss 
and 3PA are included. It can be seen that ∆λ  of both the pump and probe pulses increase monotonically with the 
pump pulse peak power. The frequency detune of the probe is roughly twice that of the pump. When the pump 
pulse peak power is 240 mW, the maximum ∆λ  is found to be 41 nm, which is mainly contributed by the blue 
shift of probe.

After XPM and interference in the SOH-MZI, the probe is filtered out and detected by the PIN. As an illus-
tration, we used four SOH-MZIs labeled as b1  ~  b4 as the parallel quantization channels for 4-bit resolution. The 
maximum pump pulse peak power entering the SOH waveguides of the MSB channel (b4) is set to be 206 mW, 
which corresponds to ∆φXPM =  8π , i.e. four-periods for the power transfer function of SOH-MZI. By using a 
splitter with splitting ratio of 1:2:4:8, the maximum pump pulse peak powers of b1, b2, b3, and b4 are 25.75, 51.5, 
103, and 206 mW, respectively. The corresponding nonlinear lengths of the four channels are 2.2, 1.1, 0.56, and 
0.28 mm, respectively, which are all less than the waveguide length of 5 mm. Accordingly, the ∆φXPM of b1, b2, b3, 
and b4 channels are π , 2π , 4π , and 8π  which correspond to the periods of half-, one-, two-, and four-, respec-
tively. Thus, the four power transfer functions with successively doubled period can be achieved. Since the ∆φXPM 
does not vary straightly linearly with the pump pulse peak power, some phase errors would be generated, which 
would lead to non-integer period and quantization errors in the decision results. However, since the degree of 
non-linearity between the ∆φXPM and pump pulse peak power is very small, the phase errors are predicted not 
to significantly degrade the quantization performance. Furthermore, we assume the PIN noise to be the typical 
10 pA/(Hz)−1/2 thermal noise and a dark current of 20 pA in the simulations. Figure 10 shows the output wave-
forms of the four quantization channels. The amplitude of each channel fluctuates because of the PIN noise.

By making decision at half-amplitude, combinations of the binary codes of the four parallel channels are used 
to obtain the quantization transfer function, as shown in Fig. 11(a). We observed that the difference between the 
ideal and the simulated quantization transfer function is very small. The inset shows the zoom-in view of one of 
the quantization stages, in which the difference ∆i can be seen clearly. Figure 11(b) shows the differential non-
linear (DNL) and integral nonlinear (INL) errors calculated with the simulated quantization transfer function. 
The maximum DNL and INL errors are found to be only 0.12 and 0.2 LSB, respectively. The signal-to-noise ratio 
(SNR) and effective number of bit (ENOB) are estimated to be 23.42 dB and 3.89-bit, respectively, using the results 
illustrated in Fig. 11. We note that only 0.11-bit difference is generated compared to the ideal resolution.

Discussion
For practical applications of third-order nonlinear effects based silicon functional devices, the coupling loss is 
a crucial issue. The primary criterion for the proposed quantization scheme to be technically feasible is that the 
pump pulse peak power after coupling into the SOH waveguide could reach 206 mW. The optical components 
before the SOH waveguide, namely the MMI, the multiplexer, the strip-to-slot converter, and the access strip 
waveguides, will have coupling and propagation losses. From the literature32, the losses induced by the MMI, 

Figure 9.  (a) The maximum XPM-induced phase shift ∆φXPM as a function of Pp under different loss 
conditions, and (b) the wavelength broadening ∆λ  of the pump and probe as a function of Pp when both linear 
loss and 3PA are included.
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strip-to-slot converter, and access strip waveguides are 0.2, 0.02, and 1 dB, respectively. The coupling loss of the 
multiplexer can be assumed to be 0.28 dB as reported in42. Since the footprint is only 1.2 ×  2 μ m2, the propagation 
loss of the multiplexer can be neglected. The coupling of the pump into the MMI can be realized by the inverted 
taper coupling technique, with which a low coupling loss of 0.36 dB is obtained experimentally43. Therefore, the 
total loss from the input of the quantizer to the front end of the SOH waveguide could be only 1.86 dB. Thus the 
input pump pulse peak power should be 316 mW. Assuming a pulse repetition rate of 40 GHz, the average power 
is only 10.1 mW, which is achievable with current mode-locked laser technologies. Even using the common grat-
ing couplers for the fiber-to-waveguide coupling, which allows for on-wafer testing, the coupling efficiency of 
20% (7 dB loss) has been achieved experimentally in44. Under this condition, the total loss becomes 8.5 dB so that 
the input pump pulse peak power should be 1.46 W. The corresponding average power should be 46.7 mW, which 
is also feasible. It should be noted that the coupling losses have no influence on the probe since its initial peak 
power is far less than the pump. Moreover, the optical sampling module can be realized by using the SOI-based 
optical parametric sampling technique and integrated on a separate chip45,46. From the above analysis, coupling 
loss is unlikely to affect negatively the feasibility of the proposed scheme because of the low pump pulse peak 
power threshold we obtained and the current efficient waveguide coupling techniques. The proposed quantizer 
can be applied in the cascade optical quantization scheme, which cascades two optical quantizer with lower reso-
lution to achieve remarkable resolution enhancement12,47. For instance, an 8-bit resolution was achieved in12 with 
only 8-periods power transfer function. The proposed quantizer can achieve 8-periods by increasing the pump 
pulse peak power to 412 mW, which is feasible in practice.

In summary, we propose an on-chip integratable all-optical quantizer using the strong XPM effect in an 
SOH horizontal slot waveguide filled with PTS. By carefully designing the dimensions of the SOH waveguide, 
tight sub-wavelength confinement of the pump and probe in the 40 nm slot layer is achieved, together with large 

Figure 10.  Output waveforms of the four quantization channels b1, b2, b3, and b4. 

Figure 11.  (a) Quantization transfer function of the proposed 4-bit quantizer. Inset: the zoom-in view, and (b) 
differential nonlinear (DNL) and integral nonlinear (INL) errors.



www.nature.com/scientificreports/

1 1Scientific Reports | 6:19528 | DOI: 10.1038/srep19528

nonlinear coefficients up to 16,000 and 18,069 W−1/m for the pump and probe, respectively. A low walk-off 
parameter of 66.7 fs/mm is also obtained, which generates only 0.33 ps delay between the pump and probe pulses 
in a 5 mm long waveguide. Such a small delay enables the probe pulse to always overlap with the pump pulse 
during propagation and maintain efficient XPM interaction. In the simulation, we show that only 206 mW pump 
pulse peak power is required for an 8π  phase shift of the probe, which corresponds to a 4-bit resolution with 
ENOB of 3.89-bit. The low peak power threshold renders the proposed quantization scheme feasible even taking 
into account practical coupling loss and ensures the interconnectivity with other optical functional devices. It is 
also believed that the quantizer can be combined with cascade optical quantization scheme to achieve a higher 
resolution. The proposed quantizer is expected to have significant applications in photonic integratable optical 
communication links, optical interconnection networks, and real-time signal processing systems.

Methods
Model of the X-FROG trace.  The X-FROG trace obtained in our simulation is based on the difference-fre-
quency generation XFROG algorithm, which is given by37

∫ω τ τ ω( , ) = ( ) ⋅ ( − ) (− ) ( )−∞

∞ ⁎I E t E t j texp 7XFROG sig ref

2

where Esig(t) is the electric field of the measured signal, Eref
*(t −  τ ) is the conjugate electric field of the reference 

signal delayed by time τ . The reference signal is characterized by the initial input signal.

Estimation of the ENOB.  Assuming that the shape of analog input for digitization is arbitrary, and the 
amplitude obeys uniform distribution. The SNR and ENOB can be estimated by1,11
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where POpt-RMS and PN-RMS are the root-mean-square of the optical power and the quantization errors respectively, 
PFS is the full-scale optical power range, ∆ =  PFS/2N is the power of the LSB, N is the ideal quantization resolution, 
∆i is the nonlinear error of the i-th quantization stage, and M is the number of quantization stages, which have 
the nonlinear errors.
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