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1. Introduction
In RAN1 #74b, it was decided to conduct further evaluations of a network based listening solution and some evaluation assumptions were agreed upon in [1]. The evaluation assumptions focused on small cell scenario 2b. In this document, we present some simulation results that give an indication of the performance that may be expected with radio-interface based synchronization in this scenario.
2. Assumptions
The evaluation assumptions follow the agreed assumptions in [1] unless otherwise stated. The simulations have two components, one is a system component and the other is a link component. In the system simulation, multiple cells and UEs are populated in a coverage area according to the assumptions in small cell scenario 2b and the path loss between cells is measured. These are used along with the modeling of fading, transmit powers and antenna gains to generate SINR values for each eNB to eNB link. The transmit powers for the macro and pico cells are assumed to be 46 dBm and 24 dBm respectively. Eight cells per cluster are assumed for the small cell layer operating at 3.5 GHz. The macro layer operates at 2 GHz.
3. Evaluations

Figure 1 shows the CDF of the SINR for the case where the small cells are all synchronizing only to macro cells. That is, the macro layer is assumed to be available for synchronization and each small cell uses the macro cell that has the best received signal strength. The SINR is measured at the receiver of the small cell eNB. The figure shows SINRs for the PSS/SSS, the CRS assuming two ports and the PRS assuming transmission in a subframe with no PDSCH. To model the interference generated by PDSCH to the CRS, a resource utilization of 20% is assumed on the small cell layer and 50% on the macro cell layer. For the PSS/SSS, the RS used for synchronization are fully overlapping in all cells. For the CRS, 3 frequency shifts are used as is the case with the CRS when 2 ports are transmitted. The CRS shifts are planned for the macro cells and randomly assigned to the pico cells. The stratum numbers for this case are obviously 1 since each small cell directly obtains synchronization from a macro cell. 
The figure shows that SINR is always better than around -5 dB for all the RS. For the CRS, the SINR is better than 0 dB for more than 90% of small cells. The figure shows that SINR can be significantly improved with the use of the PRS in a subframe with no data scheduled since this provides a reuse factor of 6. It is notable that all small cells in the cluster are able to use a macro cell for synchronization with a reasonable SINR.
Figure 2 shows the time and frequency synchronization error performance for SINRs ranging from -5 to -20 dB. Extrapolating from the frequency synchronization performance shown in the figure indicates that the synchronization error can be within 0.1 ppm when the SINR is approximately -12 dB to -13 dB or better. The time synchronization error is computed by modeling a randomized timing drift that is within +/- 0.1 ppm and assuming that measurements are made at 10 second intervals. Filtering of estimates across multiple measurements is used to generate the final time synchronization estimates from which the error statistics are generated by comparing to the correct time synchronization point at each point in time. The figure indicates that time synchronization is also within the 3 microsecond target when the SINR is approximately -12 to -13 dB or better. 
The figures show that acquisition and maintenance of time synchronization in the small cell layer is easily feasible when the macro layer is synchronized and used for time synchronization measurements by the small cells. It should also be noted that since the small cell eNB is using a receiver in a different frequency for synchronization, there is no need to limit it to measure only in 10 second intervals. It can significantly boost its ability to maintain synchronization by continuously or much more frequently measuring signals from the macro cell.
The time synchronization error shown does not include the effect of propagation delays from the macro cell to the small cell eNB. When the small cells inside a cluster all synchronize with a single macro cell, then the distances between the small cells are low enough that any additional error due to propagation delays is minor. The time synchronization performance shown in Figure 2 shows that there is an adequate buffer for such errors. If the small cells inside a cluster synchronize to macro cells that are different, the propagation delay may cause a larger discrepancy in the synchronization points of small cells within the cluster. To manage the possibility of such a situation, the positions of the small cells and the macro cells can easily be used to remove such errors related to propagation delays. Alternately, signaling of a different common timing offset in relation to each macro cell can be considered. With such signaling to the small cell, the small cell would be able to apply an appropriate timing offset that is specific to the macro cell used for synchronization and ensure that the small cells that are close to each other use time synchronization reference points that are close to each other. Such an offset has multiple benefits. First, the propagation delay corresponding to the macro cell can be included as an adjustment in the offset. Secondly, impacts to heterogeneous network performance for UEs that are on the edge of the small cell cluster can be minimized by using an offset so that signals to such a UE from the macro cell and the small cells arrive at similar times. Another option is to use signaling that indicates which macro cells should be used by a small cell for synchronization. In light of the above discussion, we therefore make the following observations. 

Observation: When the macro layer is used for time synchronization measurements, acquisition and maintenance of time synchronization in the small cell layer is feasible using existing reference signals.
Observation: 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.
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Figure 1: SINR when small cells synchronize to macro cells
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Figure 2: Time and frequency synchronization performance for different SINR
Figure 3 shows the CDF of the SINR for the case where the small cells are all synchronizing only to other small cells except for one or two cells in a cluster which may use the macro cells or a GNSS receiver to obtain a timing reference. These one or two cells in the cluster are therefore the stratum 1 cells. The macro layer is assumed to be not used at all by the rest of the small cells. We consider this to be quite an unrealistic scenario as discussed in [2] but the performance for it is nevertheless evaluated since it was part of the agreed assumptions. The figure on the left shows the SINR assuming that only one small cell in each small cell cluster has the ability to obtain a reference from the macro cell or from a GNSS receiver. As in Figure 1, the figure shows SINRs for the PSS/SSS, the CRS assuming two ports and the PRS assuming transmission in a subframe with no PDSCH. In addition, SINRs for the CRS are also shown when PDSCH is blanked in the subframe. For the case where PDSCH interferes with CRS, a resource utilization of 20% is assumed on the small cell layer. For the CRS, 3 frequency shifts are used as is the case with the CRS when 2 ports are transmitted. The CRS shifts are planned for the macro cells and randomly assigned for the pico cells. 
The right hand side part of Figure 3 shows a couple of ways that the SINRs can be improved. This is illustrated for the CRS with 2 ports. The baseline CRS with 2 ports case from the left hand side of the figure is replicated for reference on the right hand side. The curve labeled, “CRS 2 ports, planned”, shows the improvement in SINR possible by using a simple round robin scheme for the CRS shift assignment. The curve shows that more than 90% of the small cell eNBs are at an SINR of around -12 dB or better. The curve labeled, “CRS 2 ports, stratum muting”, shows the performance with a muting scheme similar to that described in [3] in the context of blind stratum and synchronization status detection. Other muting schemes are also described in [3]. In the scheme evaluated and shown in the figure, eNBs are classified by their stratum level. The eNBs at a given stratum level transmit together in a subframe while all other eNBs mute transmissions in this subframe. Different eNB groups with different stratum levels use different subframes to transmit. This effectively increases the reuse factor depending on the stratum levels needed by the topology and significantly improves SINR as shown in the figure. For this scheme, the SINR is better than around -13 dB for all small cell eNBs which should enable them to acquire and maintain synchronization using the radio-interface. 
We note once again that the scenario where only one small cell is capable of GNSS or macro cell reception is quite arbitrary. It is shown in Figure 4 that performance is also better if, for example, two small cells per cluster have such a capability. The figure on the left shows the same cases as on the left hand side of Figure 3 and comparison with this figure shows that the SINR is improved for all the reference signals. The PRS could for instance be used with more than 98% of small cells having SINR better than -13 dB. The figure also shows that a similar metric can be obtained simply by using a simple planning scheme for the assignments of the CRS shifts. The right hand side of Figure 4 shows the improvement in the stratum number distribution when two cells within a cluster have GNSS or macro cell reception capability. The figures also indicate that if a scenario where only two small cells in a cluster are capable of listening to the macro cell layer or to a GNSS system is to be addressed, the PRS may be an option to provide a synchronization reference. Based on the above discussion, we make the following observations.
Observation: 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.

Observation: 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.
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Figure 3: SINR when small cells synchronize to other small cells with only one small cell per cluster capable of synchronizing to a GNSS system or to a macro cell
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Figure 4: SINR when small cells synchronize to other small cells with two small cells per cluster capable of synchronizing to a GNSS system or to a macro cell. Stratum numbers with one and two small cells per cluster with this capability.
Based on the evaluations above, it is clear that use of the macro network for synchronization should be prioritized as far as possible. In the following, we discuss some possibilities to enable this. First, it should be noted that the macro cell network can be used for frequency synchronization even when the macro cells are not time synchronized since the macro network is always required to be frequency synchronized.

Observation: The macro cell can always be used for frequency synchronization even when signals from small cells are used for time synchronization.

Secondly, macro-cell specific time offsets, discussed earlier, can also enable the use of the macro cell network for small cell synchronization even when the macro cell network is not time synchronized. This can be done in a couple of ways. 
The macro-cell specific offsets can be measured by the small cells that have GNSS capability. For instance, a small cell with a GNSS reference can measure the timing difference between the received signals from a macro cell and a pre-determined GNSS reference time. Knowledge of eNB locations (rough knowledge of the position also would be adequate) can be used to remove propagation delay effects. This offset can subsequently be signaled to a small cell without any GNSS capability that can receive signals from the same macro cell. This small cell can then use the signaled offset along with the measured timing of the received signals from the macro cell to calibrate its transmit timing. In our evaluations, assuming that only one small cell in a cluster has GNSS capability, it was found that offsets can be computed for all macro cells by these GNSS capable small cells, with a worst case received SINR (macro cell to GNSS capable small cell) better than -5 dB. As shown by the evaluations above, this is quite adequate to obtain a good estimate of the timing offset.

Determination of macro-cell specific offsets from measurements by small cells can be used even when there are no GNSS capable small cells in the system. This can be achieved by using the timing of one of the macros (or some constant offset from this) as a reference timing to replace the GNSS reference. Measurements of timing offsets for different pairs of macro cells (shown in Figure 5) by various small cells can be used to compute an appropriate timing offset for each macro cell. For instance, in the example shown in Figure 5, a combination of the offsets measured at small cells 1 and 4 are enough to generate a single offset for Macro eNBs 2 to 4 with respect to the Macro eNB 1. A small cell can then use any of these macro cells as a reference and apply the corresponding offset specific to it to obtain timing synchronization. From the evaluations, it was found that using only small cell eNBs that can receive CRS from both the macro cells between which the offsets are being measured at an SINR of -6dB or better, timing offsets for all macro cells can be generated with respect to a single reference macro cell. A macro cell utilization factor of 50% was assumed. It is clear from the figure that the equivalent of a stratum number is appropriate in this case to indicate how many individual measured offsets were used to generate the final single offset for a given macro cell. From the evaluations, combining of 3 or less offsets were necessary with the above SINR restriction of -6 dB or better. From the above discussion, we conclude that the macro cell specific offset approach described above can achieve an accuracy within the timing accuracy being targeted.
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Figure 5: Time offset measurements between macro cells by small cells.
Observation: The macro cell network can be used for synchronization by small cells with the use of macro cell specific offsets even when the macro cell network itself is not synchronized. These offsets can be generated by small cell measurements with or without GNSS capable small cells in a cluster.
4. Conclusions
Evaluations for radio-interface based network synchronization were presented. The following was observed:

Observation: When the macro layer is used for time synchronization measurements, acquisition and maintenance of time synchronization in the small cell layer is feasible using existing reference signals.

Observation: 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.

Observation: The macro cell can always be used for frequency synchronization even when signals from small cells are used for time synchronization. 

Observation: The macro cell network can be used for synchronization by small cells with the use of macro cell specific offsets even when the macro cell network itself is not synchronized. These offsets can be generated by small cell measurements with or without GNSS capable small cells in a cluster.
Observation: 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.
Observation: 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.
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