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1 Introduction

As mentioned in the small cell enhancements SID [1], the coordinated and time synchronized operation of the small cell layer and between small cells and the macro layer can be assumed for specific operations and feasibility and benefits of radio-interface based synchronization mechanisms shall be addressed. In [2], it is stated that time synchronized deployments of small cell clusters are prioritized in the study and new means to achieve such synchronization shall be considered. In this contribution, the feasibility and benefits of radio-interface based synchronization mechanism is discussed.
2 Discussion 
It is well understood that synchronization for TDD system is essential to avoid the inverse link interference (i.e. the inter-cell interferences of eNB to eNB and UE to UE). This requirement is not only needed for the cells operated in the same frequency, but also for the cells operated in the same band if there is no sufficient guard band reserved. 

For FDD system, it is also beneficial to achieve synchronization between cells. The existing features such as (f)eICIC, COMP as well as carrier aggregation all require or benefit from inter-cell synchronization. Synchronization would also bring benefit for the potential techniques discussed in small cell enhancements, such as efficient discovery (e.g. to perform quick small cell detection) and dual connectivity especially with single radio UL. 
Therefore it would be essential to consider the synchronization mechanisms between the small cells as well as between small cells and the macro layer. 
Three synchronization mechanisms can be considered

· Mechanism 1: synchronization by GNSS (e.g., GPS)
· Mechanism 2: synchronization over backhaul network (e.g., IEEE 1588)
· Mechanism 3: synchronization through the radio-interface (e.g., network listening in [3]). 
Mechanism 1 is not suitable for indoor cells due to the coverage limitation of GNSS signal. The additional cost of small cells brought by mechanism 1 is also concerned. 

Mechanism 2 requires symmetric and reliable backhauls, while non-ideal backhaul is a typical assumption in small cell study. 
With mechanism 3, a small cell can determine its timing by listening to or communicating with other synchronized small cell or macro cell with the help of radio-interface based signals. The synchronized cell which facilitates the synchronization of other cells can be regarded as one synchronization source. Obviously mechanism 3 is not limited by the coverage of GNSS signal or the backhaul condition. Therefore it is beneficial to introduce a radio-interface based synchronization mechanism.
Observation 1: it is beneficial to introduce a radio-interface based synchronization mechanism.

The feasibility of radio-interface based synchronization mechanism needs further study for small cell enhancements especially in the following aspects.
· Synchronization within and between small cell clusters
The small cell cluster here refers to a cluster of small cells close deployed geographically. This is a typical scenario as described in [2]. Examples to show the deployment of one cluster and two overlapped clusters are depicted in Figure 1 and Figure 2 respectively. 

A common primary synchronization source is needed for the synchronization among all the cells within a cluster. The source can be the over layered Macro cell, or a small cell synchronized by using GPS. All the other cells within this cluster can firstly try to keep synchronization with this common primary synchronization source. The cells which can determine the timing from this primary synchronization source could be termed as the secondary synchronization source. The cells which cannot achieve synchronization directly with the primary synchronization source will then try to achieve synchronization with the secondary synchronization source. By this means, the cells can be marked with different grades of synchronization, and a cell can try to achieve synchronization with the cells with smallest grade. This is similar as the multi-hop synchronization mechanism mentioned in [3]. 
Observation 2: A common primary synchronization source is needed for the synchronization among all the cells within a cluster. Different synchronization grades of cells can be decided.
In Figure 2, if different primary synchronization sources are used for the two clusters, even if the synchronization accuracy within each cluster could be kept well, the small cells near the border of these two clusters may be asynchronous and interfere with each other. This is because the relative timing between the cells near the border of the cluster (i.e. small cell A-n and small cell B-m) depends on the relative timing between the two different primary synchronization sources, the timing accuracy/stability of primary synchronization sources, the synchronization accuracy within a cluster. The synchronization accuracy within a cluster can be decreased when the number of synchronization grades is increased. Therefore how to take the above factors into account when considering the synchronization between the small cells near the border should be further studied.
Observation 3: The synchronization between two clusters needs further study, taking into account the timing accuracy for the primary synchronization sources and the synchronization accuracy within a cluster. 
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Figure 1. Synchronization within a cluster
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Figure 2. Synchronization between clusters

· Synchronization with dynamic on/off switching
As one potential technique to ensure efficient operation of a small cell layer composed of small cell clusters as mentioned in [1], dynamic on/off switching of small cells would bring some benefit via interference avoidance and coordination as discussed in [4]. However as depicted in Figure 3, when considering the dynamic on/off switching of small cells, the relationship of synchronization source and target small cells may be changed which might cause synchronization error. Therefore how to perform synchronization for cell 2/3 when cell 1 is dynamic on/off should be studied.

Observation 4: If dynamic on/off switching of small cells is introduced, the impact on synchronization needs further study.
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Figure 3. Synchronization with dynamic on/off switching
· Synchronization among different TDD operators
Synchronization is required to avoid the inverse link interference for TDD systems. This also applies to the scenario where the small cells and/or macro cells with TDD mode are deployed by multiple operators in the same band and in the same geographic area. Although the use of sub-band filtering (to limit the signal emission from transmitter side to an acceptable level to neighbor cells) and restricted blocks (to reserve some edge frequency resource to avoid the potential impact on/from neighbor cells) would mitigate the inverse link interference between different operators, it is apparent that these methods will lead to spectrum wastage. Therefore, it is also beneficial to synchronize neighbor small cells belonging to multiple operators in the same TDD band. Radio interface based solution is preferred for such scenario due to the lack of backhaul between different operators. The design needs to take into account the inter-cell communication between different operators. In addition, the reliability of the mechanism is one of the key requirements for the design.

Observation 5: Inter-operator network synchronization should need additional design on top of intra-operator network synchronization. The reliability of the design is one of the key requirements.
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Figure 4. Inter-operator synchronization
3 Conclusion
In this contribution, the feasibility and benefits of radio-interface based synchronization mechanism is discussed. It is observed that:

· It is beneficial to introduce a radio-interface based synchronization mechanism.
· A common primary synchronization source is needed for the synchronization among all the cells within a cluster. Different synchronization grades of cells can be decided.
· The synchronization between two clusters needs further study, taking into account the timing accuracy for the primary synchronization sources and the synchronization accuracy within a cluster.
· If dynamic on/off switching of small cells is introduced, the impact on synchronization needs further study.
· Inter-operator network synchronization should need additional design on top of intra-operator network synchronization. The reliability of the design is one of the key requirements.
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