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研究成果の概要（和文）：当該研究課題の主な研究成果は以下のとおりです。（a）コヒーレント検出によるサ
ブキャリアマルチキャストおよびデータアグリゲーション。（b）コヒーレント重ね合わせによる低次直交振幅
変調（QAM）ツインSSBからの高次QAMサブキャリアの合成。さらに、コヒーレント重ね合わせプロセスにおける
不完全な位相回転を補償するために、階層的ブラインド位相推定という独自のアルゴリズムを提案しその実験的
検討を行った。コヒーレント検波・直接検波いずれの場合も、合成された高次サブキャリアに対するエラーフリ
ー動作と明確なコンスタレーションが実験的に実証され、本研究で提案するスキームの有用性を裏付けることに
成功した。

研究成果の概要（英文）：The main research output of this project could be summarized below. (a) 
subcarrier multicast and data aggregation with coherent detections; (b) synthesis of high-order 
quadrature-amplitude modulation (QAM) subcarrier from input low-order QAM twin-SSBs by coherent 
superposition with direct detection. In addition, a specific algorithm named hierarchical blind 
phase search was proposed and developed to cope with the imperfect phase rotation in the coherent 
superposition process. In both cases, error-free operations and clear constellations were 
experimentally demonstrated for the synthesized high-order subcarrier with either coherent or direct
 detection, verifying the proposed scheme. 

研究分野： Optical Communications

キーワード： optical communications　four-wave mixing　nonlinear optics

  １版

令和

研究成果の学術的意義や社会的意義
The proposed processing schemes would be helpful for effectively managing the subcarrier granularity
 in subcarrier multiplexing systems, offering a flexible and efficient spectrum management, enabling
 the adaptive cross-connection in in-band level, and eventually realizing agile optical networks. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

To meet the growing bandwidth demands, the transmission capacity and spectral efficiency 
of optical communication systems have been drastically increased through sophisticated 
multiplexing and modulation technologies. In contrast to single carrier (SC) modulation, as 
an alternative multi-carrier modulation format, digital subcarrier multiplexing (SCM) with 
Nyquist-shaped subcarriers has recently become one of promising modulation formats, 
because of its advantages over SC, such as higher tolerance against nonlinearities and strong 
filtering, as well as a larger achievable aggregate capacity with flexibility in the spectral 
management. Previous signal processing is mainly performed in the signal level, not reaching 
the in-band subcarrier level. To flexibly mange the subcarrier granularity in multicarrier 
modulated SCM signal, it is becoming highly desirable to investigate the processing 
technologies for the in-band subcarriers, i.e. subcarrier processing technologies.  

So far, there’s been no work reported about the subcarrier processing for Nyquist SCM 
signals. In this proposal, we exploited all-optical subcarrier processing techniques for Nyquist 
SCM signals for implementing several network functionalities such as frequency conversion, 
multicast and data aggregation. Different from the previously-reported opto-electronic 
approaches, the all-optical solution could effectively overcome the bandwidth bottleneck 
imposed by the OEOs, realizing transparent ultrafast optical subcarrier processing. These 
functionalities provide efficient solutions to flexibly managing the subcarrier granularity in 
SCM signals, which is essential for the future agile optical networks. 
 
２．研究の目的 

As one of promising modulation formats, digital subcarrier multiplexing (SCM) has been 
recently proposed to realize ultrafast and ultrahigh-spectral-efficient optical networks in the 
future. To flexibly manage the subcarrier granularity and spectral efficiency of SCM, we 
propose an optical subcarrier processing scheme to realize the frequency conversion and data 
aggregation of the subcarriers in SCM using four-wave mixing with coherent pumps. By 
properly adjusting the spacing, and the relative power and phase difference between pumps, 
it could result in the coherent spectrum overlapping between the signal and replicas, and 
eventually coherently superpose the subcarriers in the optical field, thus realizing data 
aggregation and frequency conversion of subcarriers. It provides a flexible and ultrafast in-
band signal processing approach and offers flexibility in the management of subcarrier 
granularity and spectrum efficiency, which is essential in the future agile optical networks. 
 
３．研究の方法 

(1) Numerical Validation: 
To validate our proposed scheme, we first conducted numerical simulations by using 
commercial simulator.  

 
(2) Experimental Demonstrations: 
The proposed schemes were experimentally demonstrated with measured bit-error rates 
(BERs) and constellations. Here we summarize two main schemes for sub-carrier processing.  

 Sub-carrier multicast and data aggregation [1] 
Both the multicast and data aggregation of sub-carriers were experimentally 
demonstrated. When detecting the sub-carriers, a coherent receiver was deployed. 
The generated sub-carrier could be selected by tuning the wavelength of the local 
oscillator.  

 Synthesis of high-order QAM SSB from twin-SSB by data aggregation [2] 
This work focused on the synthesis of high-order QAM SSB by coherently merging 
two sub-carriers in the input twin-SSB by the proposed coherent superposition.  

 
４．研究成果 

The key idea in the proposed scheme is coherent superposition enabled by nonlinear optical 
effect, four-wave mixing (FWM). Fig. 1 depicts the proposed coherent superposition for data 
aggregation.  



 

 

 
Fig. 1. High-order QAM subcarrier synthesis from low-order inputs by the proposed 

coherent superposition (combining).  

As for the research achievements, here we are mainly focusing on the following two topics: 
(a) subcarrier multicast and data aggregation with coherent detections; (b) synthesis of high-
order QAM subcarrier from input low-order twin-SSBs. The details of the research outputs 
are explained below.  

 
Fig. 2. High-order QAM subcarrier synthesis from low-order inputs by the proposed 

coherent superposition (combining).  

 
Fig. 3. Experimental results: Input twin-SSB QPSK (L & U), Output QPSK 

subcarriers at the ends (L3 & U3); Output 16QAM subcarriers at inner subcarriers 
(L, L1, L2, U, U1, U2).  

 Subcarrier multicast and data aggregation with coherent detections 

In this topic, the subcarrier is detected by using a coherent receiver. At the receiver side, to 
detect a specific subcarrier, the wavelength of local oscillator (LO) is tuned to align with the 
target subcarrier. As shown in Fig. 2, a twin single-sideband (twin-SSB, L & U spaced with 
) signal encoded in quadrature-phase shifting keying (QPSK) is the original input signal. 
Two independent QPSK data are encoded in these two sidebands. A three-tone coherent 
optical comb with spacings of  and 2and a power raito of is severing as a coherent 
pump. After the proposed subcarrier processing unit, coherent superposition takes place 
between the original subcarriers (L&U) and newly-generated replicas, as shown in Fig. 2. 
The corresponding constellations of input and output subcarriers after the subcarrier 
processing unit are illustrated in Fig. 3. It verifies that through the coherent superposition 
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low-order subcarriers (QPSK) are merged and aggregated to high-order subcarriers (16QAM). 
Meanwhile, multicast of QPSK and 16QAM subcarriers are simultaneously achieved.  

 

Fig. 4. Application of coherent superposition: Synthesis of high-order QAM 
subcarrier with direct detection.  

 

Fig. 5. Measured BER and constellations of the input and synthesized Nyquist SSB.  

 Synthesis of high-order QAM subcarrier (SSB) with direct detection 

As a variation of subcarrier processing, we applied our proposed coherent superposition 
scheme to synthesize Nyquist high-order QAM subcarrier. Fig. 4 illustrates the operation 
principle to implement the high-order subcarrier synthesis by using the proposed subcarrier 
processing. Different from the first topic, herein, a direct detection is used to detect the 
synthesized signal. A CW light is combined with a data-modulated subcarrier for detection. 
The measured bit-error rates (BERs) and corresponding constellations are shown in Fig. 5.  

To cope with the phase misalignment between two subcarriers, we also proposed a new 
algorithm called hierarchical blind phase search (HBPS) to correct the imperfect phase 
rotation in the subcarrier processor. The algorithm subtract is shown in Fig. 6.  

 

Fig. 6. The proposed hierarchical blind phase search (HBPS) algorithm for correcting the possible imperfect phase 
rotation in the OSP-aided data aggregation: (a) 1st and (b) 2nd stage, and (c) the structure of HBPS. 
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