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1. Introduction
Synchronization of small cells in a radio network can be achieved using various techniques. For example, use of a GNSS receiver in or at the eNB site can achieve synchronization with very fine accuracies. This is made especially more accurate when the position of the small cell is known due to the ability to operate with coverage to fewer satellites. Other methods based on the backhaul network may also be used when the backhaul is sufficiently capable. When these methods are available, their level of robustness can be very high and they can provide the kind of reliability that operators typically demand for equipment deployed in their network.

Radio-interface based synchronization mechanisms have been proposed as an alternative for synchronizing small cells when other established synchronization techniques are unavailable due to, for example, poor backhaul or no satellite coverage (e.g., no GNSS coverage). Radio-interface based solutions may typically exhibit poorer robustness and accuracy compared to a solution such as GNSS, although they could be used as an additional tool when other more accurate solutions are unavailable.
In RAN1 #74b, it was decided to conduct further evaluations of a network based listening solution and some evaluation assumptions were agreed on [1]. The evaluation assumptions focus on small cell scenario 2b. In this document, we discuss the possibilities for radio-interface based synchronization in each of the small cell scenarios of interest further considering the cases of ideal and non-ideal backhaul, synchronized and unsynchronized macro networks and the presence or absence of GNSS capability and/or macro cell reception in some small cells in the cluster. Based on the discussion, we propose some conclusions for the small cell study item report in regard to this topic.
2. Scenarios
This section considers the usefulness and feasibility of radio-interface based synchronization approaches beyond the scenario 2b case being focused on in the evaluations. 
2.1. Small Cell Scenario 1 
Most of the techniques to enhance performance in heterogeneous networks in this scenario assume a synchronized network where the small cells in the coverage area of a macro are synchronized to the macro cell. Since a large part of the interference comes from the macro network, the synchronization of the small cell layer within itself is not as important as the whole small cell layer being synchronized with the macro network. Hence, it is important that the small cells be able to derive their synchronization reference from the macro cells as much as possible even when one or more of the small cells has a GNSS receiver. In case, the macro network is not synchronized, the benefits of small cell layer synchronization are much reduced. There may still be some benefits in synchronizing a small cell cluster to a macro cell that is the dominant macro layer interferer. 
Observation: Small cell synchronization in scenario 1 is less important if the macro cell layer is not synchronized.
2.2. Small Cell Scenario 2a
In this scenario, the small cells are outdoors and they are on a separate frequency from the macro cells. The ability of the small cell layer to obtain synchronization from the macro layer as well as using a GNSS receiver are likely better than the case where the small cells are indoors as in scenario 2b. This makes the task of obtaining synchronization somewhat simpler. Since the macro cells and small cells are in separate frequencies, benefits from synchronizing the small cell layer could be realized even if the macro network is not synchronized.
Observation: GNSS coverage and synchronization using macro cells are likely to be available for small cell scenario 2a.
2.3. Small Cell Scenario 2b
Here, the small cell layer and macro cell layer are on separate frequencies but the small cells are indoors and therefore it is generally more difficult for the small cells to have GNSS coverage. The signals from the macro cells may also be received at lower signal strengths. It should be noted that interference from other small cells may also be reduced due to the presence of one or more walls between the cells although in some cases the proximity of cells to each other without any walls in between can also lead to greater eNB to eNB coupling. Therefore, this scenario may be the most challenging to obtain radio interface based synchronization. However, it should be noted that this scenario also has a higher likelihood of having good backhaul options. Thus the possibility of using a synchronization mechanism over the backhaul network is greater in this scenario.

Observation: Small cell scenario 2b may present the most challenging environment for radio-interface based synchronization, but it also has a higher likelihood of backhaul based synchronization methods being available.

2.4. Small Cell Scenario 3

Small cell scenario 3 presents similar challenges as small cell scenario 2, except that there may be no macro network available for synchronization. In our view, this scenario is of very low interest since the presence of some macro network to provide a coverage layer is extremely likely. The challenges of obtaining synchronization in this scenario are similar to the case considered in the evaluation assumptions in [1] where only some of the small cells in a cluster have the capability of receiving signals from a GNSS system or from the macro cell layer.
3. Synchronization Criteria

The reasons that synchronization between small cells is desirable and the levels of accuracies needed for these reasons are important to recognize. Synchronization can help to manage interference between small cells and between small cells and macro cells. For this, fine synchronization in the order of 3 microseconds is beneficial. Synchronization can also be used to help reduce measurement time. When a UE makes measurements it needs to search for PSS/SSS somewhere within a 5 ms window. When it is known that the network is synchronized to within 3 microseconds, the UE does not have to perform a search in time in this manner. However, for this task, a much more coarse level of synchronization can also be beneficial.  For example, if it is known that the small cells are synchronized to at least 1 ms as compared to some reference, the uncertainty window within which the PSS/SSS must be searched can be significantly reduced.  
If there are two small cell clusters that do not cause any meaningful inter-cluster interference for any UEs on the downlink, it is immaterial whether these two clusters are synchronized with each other as far as interference management is concerned. Some benefits may however be accrued with coarse synchronization although this by itself is not necessarily a high enough motivation to significantly increase the complexity of the small cell eNB. Furthermore, some coarse synchronization may be achievable even over poor backhaul links.
Observation: If there are two small cell clusters that do not cause any meaningful inter-cluster interference for any UEs on the downlink, fine synchronization between these clusters is not important.
4. Discussion

The performance of radio-interface based synchronization has been evaluated in [2] for small cell scenario 2b. It has been shown there that when the macro network can be used for synchronization, it is easily feasible to maintain synchronization based on existing LTE reference signals. If the macro network cannot be used for synchronization by all small cells, then muting methods, as already considered in [3], were shown to significantly improve SINR and enable radio-interface based synchronization of the small cell layer. Additionally, the PRS was also identified as a good candidate to use as a reference signal for synchronization due to its higher reuse and ability to improve SINR. 
We now discuss further this latter case, where the macro cell layer or GNSS can be used by the small cell layer for synchronization by only some small cells in the cluster. In our view, this situation is not likely and is not a high priority to optimize for. Two main possible motivations may be considered that constrain synchronization capabilities in this manner. 

The first motivation could be that all small cells in a cluster don’t have an additional receiver that can operate in the band used by the macro layer. We note that for the situations where GNSS coverage and backhaul based synchronization methods are not available, the additional complexity to include a receiver for the macro band is far from prohibitive. Deploying a small cell with such an additional receiver would be a far more robust option than forcing the small cell to obtain synchronization from other small cells at SINRs that are much lower. 

A second motivation could be that the macro cell layer is not synchronized and at least one small cell in the cluster has GNSS capability which can be used to provide a time reference. However, we note that even in this situation, it would be much more robust to allow the small cells to use the macro cell layer to which the SINR is much better, as shown in [2]. In order to manage the possibility that different small cells in the same cluster may synchronize to different macro cells that are not mutually synchronized, the macro cells to be used for synchronization by the small cells can be indicated via signaling. This can allow small cells within a cluster to all synchronize to the same macro cell. In cases, where synchronization to different macro cells is necessary, timing offsets specific to each macro cell can be signaled to the small cell so that the small cell can obtain synchronization from the macro cell with the highest received SINR and then apply the offset to derive its own transmit timing. Such macro-cell specific offsets can be measured by the small cells that have GNSS capability so as to allow each macro cell to be used for synchronization even though the macro layer may not itself be synchronized. Also, such an offset can be used to manage differing propagation delays between the cluster and the different macro cells used for synchronization. Therefore, we observe that there are simple options available to allow the small cells to use the macro cell layer for synchronization thus providing the use of cells with better SINR.
5. Proposals

Based on the discussion in this contribution as well as the evaluations in [2], we propose to capture the following conclusions to the study item technical report on the topic of radio-interface based synchronization.
· Existing physical layer reference signals may be used for radio-interface based synchronization. No need for any changes to the physical layer specifications has been identified.
· When the macro layer is used for synchronization measurements in scenario 2a or 2b, measurement times do not have to be limited to occur at some periodicity since the measurements are being made on a separate frequency.

· If a scenario where only one or two small cells in a cluster are capable of receiving macro cell or GNSS signals is to be addressed, co-ordinated muting methods can be used to enable radio-interface based synchronization.

· If a scenario where only two small cells in a cluster are capable of receiving macro cell or GNSS signals is to be addressed, the PRS can be an option to enable radio-interface based synchronization.

· Small cell synchronization in scenario 1 is less important if the macro cell layer is not synchronized.

· If there are two small cell clusters that do not cause any meaningful inter-cluster interference for any UEs on the downlink, fine synchronization between these clusters is not important.

6. Conclusions
The following observations were made.

Observation: Small cell synchronization in scenario 1 is less important if the macro cell layer is not synchronized.
Observation: GNSS coverage and synchronization using macro cells are likely to be available for small cell scenario 2a.
Observation: Small cell scenario 2b may present the most challenging environment for radio-interface based synchronization, but it also has a higher likelihood of backhaul based synchronization methods being available.

Observation: If there are two small cell clusters that do not cause any meaningful inter-cluster interference for any UEs on the downlink, fine synchronization between these clusters is not important.
It was proposed that the following text should be captured in the study item technical report:
· Existing physical layer reference signals may be used for radio-interface based synchronization. No need for any changes to the physical layer specifications has been identified.
· When the macro layer is used for synchronization measurements in scenario 2a or 2b, measurement times do not have to be limited to occur at some periodicity since the measurements are being made on a separate frequency.

· If a scenario where only one or two small cells in a cluster are capable of receiving macro cell or GNSS signals is to be addressed, co-ordinated muting methods can be used to enable radio-interface based synchronization.

· If a scenario where only two small cells in a cluster are capable of receiving macro cell or GNSS signals is to be addressed, the PRS can be an option to enable radio-interface based synchronization.

· Small cell synchronization in scenario 1 is less important if the macro cell layer is not synchronized.

· If there are two small cell clusters that do not cause any meaningful inter-cluster interference for any UEs on the downlink, fine synchronization between these clusters is not important.
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