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1. Introduction
Radio-interface based synchronization solutions have been discussed in RAN1. In RAN #61, it was decided that further discussions on such solutions should focus on network based listening methods. Network listening based on signals in the current air interface standards was previously considered to be the baseline for the study item with any new techniques being required to offer significant advantages compared to the baseline. Furthermore, solutions for synchronization schemes have previously been studied using the following criteria:
· Achievable synchronization accuracy

· Resource overhead

· Applicability/compatibility with the ongoing studies 

· Cost/complexity of eNBs and UEs

· Standard impacts

A target synchronization accuracy of ≤3µs has also been agreed. In this document, we discuss radio-interface based synchronization in the above context.
2. Discussion
Synchronization of small cells in a radio network can be achieved using various techniques. For example, use of a GPS 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 GPS coverage). Radio-interface based solutions may typically exhibit poorer robustness and accuracy compared to a solution such as GPS, although they could be used as an additional tool when other more accurate solutions are unavailable. In the following, we discuss radio-interface based synchronization with respect to each of the criteria listed in the previous section. 
2.1. Achievable synchronization accuracy

Synchronization accuracy is dependent on the structure of the reference signals being used for synchronization, the received power of the reference signals and the measurement time. The LTE air-interface has reference signals that have been specifically designed for synchronization by UEs in mobile environments. The PSS/SSS, which span 6 RBs, are used for initial synchronization and cell identification. The CRS, spanning the whole bandwidth of the carrier, are commonly used for fine synchronization and synchronization maintenance and are available at least in one out of five subframes across all duplexing mode and MBSFN configurations. Time synchronization accuracy achieved by UEs is typically better than +/- 1.5µs while frequency accuracy is dependent on the speed of the UE. A small cell node operating under the coverage of a macro network will typically be stationary and can take advantage of longer measurement times for initial synchronization. Synchronization maintenance is also made easier due to the lack of mobility. It may be noted that in some scenarios only frequency or time synchronization may be required which may potentially improve the robustness of the estimates and/or reduce complexity.
It should also be noted that positioning reference signals (PRS) are defined in LTE for positioning UEs and they may also span the whole carrier bandwidth. These signals have specifically been designed to be able to measure time of arrival for neighboring eNBs with low received signal levels in a robust manner since this is necessary for computing UE position. These signals could also be potentially used for small cell synchronization when configured. Thus, LTE already has many signals that are tailored for the purpose of obtaining time and frequency synchronization.
Observation: Existing reference signals in LTE can be used for radio-interface based synchronization of small cells with sufficient accuracy.

Synchronization accuracy is mainly dependent on the SINR of the source cell at the target eNB which is attempting synchronization. In [1], the concept of synchronization stratum was introduced where the stratum reflects the minimum number of hops between the eNB and the main synchronization source. In general, the synchronization error measured in relation to the main source is greater when the stratum of the eNB is higher due to lower SINR. 
However, a critical facet about synchronization that should be considered is that it is most important for an eNB to be synchronized with neighboring cells that cause the most interference from a UE point of view rather than be synchronized with some distant cell with which it has very little coverage overlap. Hence, if there is an isolated group of cells that is far away from the main source and isolated from all other cells, it is probably not a problem if the group of cells has a higher synchronization error in relation to the main source as long as each eNB has lower synchronization errors as compared to its neighbor cells. That is, in a chain of cells with increasing stratum numbers, the synchronization error between the highest and lowest stratum eNBs may be higher (e.g., 3 microseconds) while the error between any two cells with closer stratum numbers may be lower (e.g., less than 1 microsecond). Thus, it would be better for an eNB to use a neighboring cell with higher received SINR for acquiring and maintaining synchronization than attempt to use a more distant cell with a lower SINR but a lower stratum number. Of course, barring large differences in SINR, it is beneficial for an eNB to choose a source cell with the lowest stratum.

Figure 1 shows the CDF of the SINR for an example with 4 picos per cluster in small cell scenario 2b. The SINR is measured at the receiver of the small cell eNB that is performing network listening on signals received from other macro or small cell eNBs. SINR is shown for the case when the small cells can choose any cell, i.e., a macro or another small cell as a source cell for synchronization. The figure shows curves labeled as reuse 1 and 3. The reuse 1 curve corresponds to the situation where the RS used for synchronization are fully overlapping in all cells as may be the case for example with the PSS/SSS. Reuse 3 corresponds to the case where the signals used for synchronization can utilize 3 frequency shifts as is the case with the CRS when 2 ports are transmitted. The frequency shifts are planned for the macro cells and randomly assigned to the pico cells. A macro resource utilization of 50% and pico resource utilization of 15% is assumed in computing the SINR for reuse 3 to account for the interference from data REs. The stratum numbers for the configuration corresponding to the curves shown in the figure are mostly 1 and never exceed 2. A stratum number of 1 means that the small cell is directly listening to a macro cell. The figure shows that reuse 3 for the signals used for synchronization improves the SINR. The figure shows that SINR is always better than around -5 dB for reuse 1 and better than -2.5 dB for the reuse 3 pattern for the RS. With reuse 3, the SINR is better than 0 dB for more than 80% of small cells. It should be noted that the use of signals such as the PRS can improve the SINR further with increased reuse. Furthermore, when wideband signals such as the CRS and potentially the PRS are used, synchronization is possible with reasonable measurement durations even at lower SINRs, as studied in other work items such as the NCT.
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Figure 1: SINR example for small cell scenario 2b with 4 picos per cluster
2.2. Resource overhead

When the small cell eNB is first deployed, or is powered up after a long “off” period, it will need to perform an initial synchronization procedure whose accuracy will be determined by the measurement time as discussed in the previous section. However, at this stage, the eNB can increase the measurement duration to be as long as necessary to obtain an accurate timing and frequency estimate. 
Once the small cell eNB starts transmitting signals on the downlink, it will periodically need to perform measurements in order to ensure that the timing and frequency do not drift outside of the required tolerances. The measurement duration can be considerably smaller for these synchronization maintenance measurements. It should be noted that small cell on/off is being studied concurrently for small cells. Synchronization measurement durations can be made significantly longer whenever the cell is turned off according to the schemes being studied.
The effect of frequency and timing error on performance was evaluated in [1]. It was shown that a frequency error of 0.25 ppm at 2.6 GHz leads to no performance degradation even for the highest rates with an EVA channel and incident Doppler frequency of up to 70 Hz corresponding to vehicle speeds of up to 38 km/h. It was also shown in [1] that with 0.3 ppm accuracy at 2.6 GHz, a synchronization maintenance periodicity of 5 seconds is adequate. That is, the small cell eNB can perform synchronization measurements once every 5 seconds. 
Even assuming a downlink transmission outage period of 20 ms for synchronization maintenance measurements and a periodicity of 5 seconds for the occurrence of these measurements, translates to a resource overhead of only 0.4%. Based on [1], it was recommended that an HeNB should have an accuracy of 0.25 ppm for acceptable overhead. Even accounting for higher carrier frequencies and potentially slightly higher speeds, clock accuracies in the order of 0.15 ppm would be sufficient to maintain adequate time and frequency accuracy after initial synchronization with minimal resource overhead. It can be reasonably expected that many small cell implementations will be able to provide accuracies that exceed this limit and hence should not have a problem with resource overhead. 
Observation: Synchronization maintenance in a small cell eNB can be maintained with minimal resource overhead for reasonable clock accuracies.
2.3. Complexity of eNBs and UEs
Complexity incurred due to initial synchronization and synchronization maintenance procedures should not add a significant degree of complexity to a small cell. However, network listening for an FDD system would require the eNB to be able to receive signals in the downlink frequency which is ordinarily not required. This can incur additional complexity in the small cell eNB. This aspect should add less complexity to a TDD small cell eNB. 
Observation: Complexity of eNBs could be higher in some cases due to the need for additional receivers at the eNB.
Without any changes to the physical layer, standard impacts are minimal and there should be no concern with compatibility with ongoing studies. In a reply LS [2], RAN3 clarified that the current standardized support for HeNBs [3] to indicate stratum number and synchronization status for an eNB, for the purpose of synchronization via network listening, can be applied to FDD. It should also be noted that there is not necessarily a restriction in using such signaling for other eNB classes. 

Based on the above discussion, we propose the following:
Proposal: There is no necessity for any physical layer standardization for radio-interface based network synchronization mechanisms.
3. Conclusions
Radio-interface based network synchronization was discussed. The following was observed and proposed:

Observation: Existing reference signals in LTE can be used for radio-interface based synchronization of small cells with sufficient accuracy.

Observation: Synchronization maintenance in a small cell can be maintained with minimal resource overhead for reasonable clock accuracies.

Observation: Complexity of eNBs could be higher in some cases due to the need for additional receivers at the eNB.
Proposal: There is no necessity for any physical layer standardization for radio-interface based network synchronization mechanisms.
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