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Good morning, everyone. Today I will introduce a new nonlinear effect, called four wave mixing, to achieve the wavelength conversion in optical domain. Because in addition to the logic gates, the function of wavelength conversion is also required when we complete the whole architecture for photonic firewall.
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Experimental implementation of the optical pattern recognition system

The feedback loop includes a regenerator to reverse the wavelength
conversion necessarily caused by the type of AND gate used in the

experimental demonstration.
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This picture shows the experimental implementation of the optical pattern recognition system, which I talked several times before. Since these two logic gates we have completed now, our main concern is the regenerator. Here, the results of XNOR gate is AND-gated with the output from the previous frame, which is returned through a feedback [ˈfiːdbæk] loop from the output of the AND gate to its control input including a regenerator. Note that for the AND gate, the wavelength of its output is different from the wavelength of its control input. And in our AND gate based on HNLF, these two signals are also at different wavelengths. Thus, the regenerator included in the loop is mainly used for wavelength conversion caused by the type of AND gate we used. 
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Background
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m There are three different levels of regeneration:

m All-optical 2R regenerator can be achieved by:

= 1R regeneration: re-amplification.

= 2R regeneration: re-amplification and re-shaping.

= 3R regeneration: re-amplification re-shaping and re-timing.

= Self-phase modulation (SPM)
m  Cross-phase modulation (XPM)

= Four Wave Mixing (FWM)
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The all-optical regenerator has been widely investigated. In fact, because of the nature of transmission, even for digital data, optical signals undergo degradation [ˌdeɡrəˈdeɪʃn] as they travel through optical fiber due to dispersion, loss, crosstalk, and nonlinearities associated with the fiber and optical components. There are three different levels of regeneration that can apply to a given signal. They include: 1R regeneration where signal size increases but does not change shape; 2R regeneration where signal increases in size and is limited to give distinct “0” and “1” levels; and 3R regeneration in which besides the function of 2R regeneration, the signal’s timing information is restored, as shown in this picture. In our architecture, 2R regeneration with wavelength conversion will be useful because of less complicated structure compared with 3R regeneration. All-optical 2R regenerator can be achieved by SPM, XPM, FWM, etc. Among them, FWM can achieve better performance and can be extended to regenerate signals with high modulation formats.
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The origin of FWM lies in the nonlinear response of bound electrons
of a material to an electromagnetic field.

P, =&,y EEE
where E is the electric field and P,, is the induced nonlinear
polarization.

Consider four CW waves oscillating at frequencies w,, w,, w;, and
w, and linearly polarized along the same axis x. The total electric

field can be written as
4 (a)) 1 A .
E:ZE J EXZEJ exp[z(ﬂjz—a)jt)]+c.c.
j=l j=l

where the propagation constant ,8]- = fliw;j/c, ; being the mode
index. 4
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Now, we start to introduce what is FWM. Similar to SPM and XPM, FWM is a nonlinear effect arising from a third order optical nonlinearity, as described with a  𝜒  3   coefficient. The main features of FWM can be understood from the third-order polarization term in this equation, where E is the electric field and PNL is the induced nonlinear polarization. In general, FWM is polarization-dependent. For simplicity, now we consider four continuous waves oscillating [ˈɒsɪleɪtɪŋ] at frequencies ω1, ω2, ω3, and ω4 with polarization direction along the same axis [ˈæksɪs] x. Then, The total electric field can be written as this equation, where β is the propagation constant. If we substitute [ˈsʌbstɪtjuːt] the second equation in the first one, 
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If we express P,, in the same form as E using
1 .4
P, = EXZ;P] exp[z(,b’jz— a)jt)} +c.c.
]:

P. (j = 1-4) consists of a large number of terms involving the
products of three electric fields. For example, P, can be expressed
as

3, | |ES E,s +2(|E1|2 +|E,[ +|E3|2)E4
P ==,
4 | R2EEE, exp(i0,)+2EE,E, exp(if.) +...

where 6, and 6_ are defined as
0, :(:Bl + 0, + 0, —,34)2—(601 T O, T 0, _a)4)t
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And express PNL in the same form as E using this. We will find that due to the E cube term, Pj consists of a large number of terms involving the products of three electric fields. Here, we take P4 as an example and θ+ and θ- are defined here. In this equation, the first four terms containing E4 are responsible for the SPM and XPM effects, but the remaining terms result from the frequency combinations (sum or difference) of all four waves. How many of these are effective during a FWM process depends on the phase mismatch between E4 and P4 governed by θ+, θ-, or a similar quantity [ˈkwɒntəti]. Significant FWM occurs only if the phase mismatch nearly vanishes  [ˈvænɪʃɪz]. This requires the matching of frequencies as well as of the wave vectors, which is often referred to as phase matching. 
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FWM occurs when photons from one or more waves are annihilated
and new photons are created at different frequencies such that the

net energy and momentum are conserved during the parametric
interaction.
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B0, : w,=w,+w,+ w, which is responsible for the phenomena
such as third-harmonic generation (w1l = w2 = w3).

W0 : w; +w, =w,+ w, in which phase-matching 4k = 3 +
s — 1 — B> = 0 is required.
There are two cases in FWM:

Case 1: non-degenerate four-wave mixing where four frequency
components are different.

Case 2: degenerate four-wave mixing where two of the four
frequencies coincide. 6
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In quantum [ˈkwɒntəm]–mechanical [məˈkænɪkl] terms, FWM occurs when photons [ˈfəʊtɒnz] from one or more waves are merged and new photons are created at different frequencies such that the energy and momentum [məˈmentəm] are conserved during the parametric interaction. In our listed two types of FWM terms, the term containing θ+ corresponds to the case in which three photons transfer their energy to a single photon at the frequency ω4=ω1+ω2+ω3. This term is responsible for the phenomena such as third-harmonic [hɑːˈmɒnɪk] generation when ω1=ω2=ω3. The term containing θ- corresponds to the case in which two photons at frequencies ω1 and ω2 are merged, while two photons at frequencies ω3 and ω4 are created simultaneously such that ω3+ω4=ω1+ω2. The phase-matching requirement for this process is 𝛥𝑘= 0. In the discussion above, it is assumed that four different frequency components interact through FWM. This is called non-degenerate [dɪˈdʒenerət] FWM. However, there is also the possibility of degenerate FWM, where two of the four frequencies coincide.
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Theory of FWM
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Well next we will understand them in detail. First, in degenerate FWM, 2 fields ω1 and ω2 are launched, a nonlinear interaction between them will occur. Then, different combinations of the frequencies can be obtained associated with the E cube term. The corresponding energy diagram will be like this, where two frequencies will merge each other and generate ω3 and ω4 frequencies in which energy conservation should be satisfied. At the same time, if we consider the momentum [məˈmentəm] conservation, the propagation constants of the photon with frequencies ω1 and ω2 will sum up and generate another two photons with frequencies ω3 and ω4. Also, this figure suggests the phase matching may not be collinear. But more general is non-degenerate case, instead of launching 2 waves, there are 3 waves in the system, which are not equal to each other. Similarly, there is a possibility that they will generate a combination of all these three frequencies. So, ω4 can be ±ω1±ω2±ω3, there will be 8 different combinations. Here, the P nonlinearity term shows how the frequencies are mixed because of the launch of 2 or 3 waves. Therefore, degenerate FWM is a special case of non-degenerate FWM where 2 of 3 input waves are identical.
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The evolution of the amplitude A(z) inside an optical fiber is

governed by the following set of four coupled equations:

Yo (14F +2Zlaf Ja s 24 a0 |

dZ k#1

% =1y (|A2|2 T 2Z|Ak|2j‘42 + 2141*143/1481.Ak2}
dZ B k#2

o ir|[Iaf 42l o r2ansien
dZ B k#3

Yo [1F vk o 2aa i
dz k4

where Ak = B3+ [, — 1 — P>, and y is the nonlinear
coefficient.
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Now, both the total electric field and the nonlinear polarization are given. If we substitute [ˈsʌbstɪtjuːt] them in the wave equation, together with a similar expression for the linear part of the polarization, and neglect the time dependence of the field components, we can get the evolution of the four amplitudes inside an optical fiber. Here,  𝛥𝑘 decribes the phase matching and γ is the nonlinear coefficient, which is an average value if we ignore the relatively small differences in frequencies of the four waves. These four equations are quite general in the sense that they include the effects of SPM, XPM, and pump depletion [ dɪˈpliːʃən] on the FWM process; a numerical approach is necessary to solve them exactly. Generally, we solve them under some assumptions because of the complexity.
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Cross taIk frequency
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Depending on the individual
frequencies, this beat signal
may lie very close to the
individual input frequencies,
resulting in significant cross
talk to that channel.
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As we mentioned, there are several kinds of frequency mixing can be possible. So, depending on the individual frequencies, some beat frequencies are such that they are very close to the launching frequencies. And because of that, they can generate some kinds of cross talk problems, which usually happens in WDM system. Here, if we consider a specific frequency condition with the term ωijk=ωi+ωj-ωk, where i≠k, j≠k, there should be 12 different frequency combinations, including 6 combinations in degenerate case, and another 6 combinations in non-degenerate case. As shown in this figure, ω1, ω2 and ω3 are 3 fundamental frequencies that are launched into the system with a spacing of δω. 12 different frequency combinations are also plotted here. However, if the difference between these three frequencies are very close but not exactly the same, which means these two δω are slightly different, it will basically create the problem of cross talk. In this case, for example, ω132 will not locate at ω2 but very close to ω2.
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Phase matching condition:
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Although the cross talk frequency is harmful in WDM system, in order to achieve a regenerator with wavelength conversion, we actually want to excite a cross talk frequency which is different from the launched frequencies. Here is an example that supposing I want to generate the frequency of ω112. As we mentioned in previous slides, in order to improve the efficiency of FWM, the phase matching 𝛥𝑘, which equals to β4-(2β1-β2) in this case, has to be 0. If the difference between ω2 and ω1 is δω, which is also equal to the difference between ω1 and ω4, we can write all frequencies in terms of ω1 and δω.
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Once we write 𝛥𝑘 in terms of ω1 and δω, as δω is usually much less than ω1, we can expand it as a Tylor series [ˈsɪəriːz] and take up to the second order term. Eventually, we have 𝛥𝑘 equals to δω square d2 β dω square at the frequency ω1. And d2 β dω square is nothing but dispersion, which is related to the refractive index deviation [ˌdiːviˈeɪʃn] with λ like this. So, if 𝛥𝑘 equals to 0, d2 β dω square is equal to 0, that means, d2 n dλ square is equal to 0. In other words, in order to have the absolute phase matching, we need to launch the frequency ω1 such that d2 n dλ square is equal to 0. This figure is a plot of n as a function of λ and the corresponding derivative [dɪˈrɪvətɪv] of that. We can find that there is some specific frequency where d2 n dλ square equals to 0. If we launch the wave at this 0 dispersion wavelength, the phase matching condition is satisfied and we will excite the cross talk frequency.
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Growth of Four-Wave Mixing along a fiber

4 x 10 Gbit/s WDM transmission system over Dispersion Shifted Fiber
(DSF), demonstrating the power levels of FWM products along the fiber.
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This simulation illustrates FWM with a 4 x 10 Gbit/s WDM transmission system over Dispersion Shifted Fiber (DSF). These are four channels with a spacing of 50 GHz, and the dispersion of their frequencies are relatively small to have obvious FWM effect. Then they are multiplexed [ˈmʌltɪplɛkst] and after a length of dispersion shifted fiber, they are de-multiplexed using the filters. The power of one signal and four generated cross talk frequencies with the same spacing are measure by the power meters. We first use this simulation to investigate the emergence [iˈmɜːdʒəns] of FWM products outside the WDM signal bandwidths. After that, we turn off the upper middle channel and observe FWM product at frequency of this removed channel.
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These four figures show the signals before and after the fiber and their corresponding eye diagrams. We can find out that after propagation, since the FWM exists in the system, different frequency components will be generated. And from these different frequency components, there are few frequency components which are very close to the launched frequency components. As a result, some kinds of distortion [dɪˈstɔːʃn] will occur in the signals. Note that the attenuation inside the fiber will affect both the signals and generated frequency components. So, normally, for optical fiber communication, we don’t want to generate any kind of cross talk frequency, in that case, the simple way is that we just launch the input frequency far away from the 0 dispersion frequency.
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After some complicated calculations without considering the pump depletion [ dɪˈpliːʃən], the idler [ˈaɪdlə(r)] power can be found from this relation, where κ is effective phase mismatch and g is the parametric gain which depend on the nonlinear coefficient and the input power. This figure shows the power level of signal and FWM products along the fiber. From the equation and figure, we can find that the cross talk frequencies are generated almost immediately after the input signal is launched into the fiber. Its power increases as z2 initially, but grow exponentially [ˌɛkspəˈnɛnʃ(ə)li] after a distance such that gz > 1. Due to the attenuation, the power of generated frequency components decrease after saturation [ˌsætʃəˈreɪʃn]. It can also be noticed that the power reduces as the higher order terms of FWM. 
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At last, we turn off the upper middle channel and run it again, to measure the output of the regenerated signal. From this figure, we can observe that the removed signal is excited with limited OSNR after propagation. This regenerated idler wave has all features of the input signal except that its phase is conjugated [ˈkɒndʒəɡeɪtɪd]. Such phase conjugation can be used for wavelength conversion and dispersion compensation. In fact, the same FWM process can be used to amplify a weak signal and to generate a new wave simultaneously, which is the basic concept of fiber optic parametric amplifier.
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Conclusions:

O The concept of FWM. It is an intermodulation phenomenon between

two or three wavelengths produce new wavelengths.
0 The problem caused by cross-talk frequency in WDM system

O In order generate the cross-talk frequency efficiently, phase matching

condition must be satisfied.
Future works:
0 Complete the re-shaping function of regenerator with improved OSNR.

O Apply all completed components to the architecture of WISDOM.
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Finally is the conclusions and future works. Today, we first introduce the concept of FWM. It can occur if at least two different frequency components propagate together in a nonlinear medium, and creates new frequency components. Then, we discuss the cross talk frequency and how this cross talk creates the problem in WDM system combined with our simulation results. Next, we talk about how to generate the cross talk frequency, in which the phase matching condition is satisfied when the launched power locates exactly at the 0 dispersion wavelength. In fact, the regenerated cross talk frequencies are all “infected” the information from the signal, so they can be used for wavelength conversion. For future works, we need to …  since our obtained OSNR is limited now and then, we will apply … 
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That’s all, thanks!
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