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1
Introduction
The advantages of time-synchronous network operation was discussed in [5] in RAN1#54 (August ’08). Since then, discussions on LTE-A techniques have taken place and proposals, in general, have assumed time-synchronous network operation when needed. This contribution re-iterates the advantages associated with time-synchronous network operation while providing more details on the time and frequency synchronization requirements for different techniques. 
2 
Benefits of Synchronous Operation
Network time-synchronization is a practical requirement for operation of TDD systems. Network time-synchronization is also necessary to get SFN gains for MBSFN operation where multiple cells (SFN area) transmit the same content (data and reference signals). Possibly these were the two most obvious motivations for an LTE operator to deploy the system in a time-synchronous fashion. 
RAN1 has been discussing techniques for advancements of LTE for over a year. Some of these techniques require time-synchronization at the network. The following is a high level list with specific techniques, their applicability and benefits from a time-synchronized network operation. 

For the DL: 

· DL CoMP operation

· Joint processing: transmission to an individual UE from multiple (possibly physically disjoint) points

· Coordinated beamforming: transmission to an individual UE from one serving cell but with the coordination from other cells, which schedule in the same resources other UEs that are spatially separated from the UE in question

· Coordination can be in the form of silencing or cooperative beamforming

· Inter-cell interference management techniques relying on time-division multiplexing (TDM) PHY channels or signals from different cells
· Operation in networks with large power disparity among different nodes (e.g. macro cells and relays or hot-zone cells) require special techniques to manage the interference and extend the coverage range of the lower-power nodes to maximize overall system capacity (by achieving cell-splitting gains)

· Cooperative silencing of the macro-network in conjunction with relaying operation is a special case for such scenario

· Note that separation between open access and CSG cells may also be beneficial to avoid coverage holes of the macro-network

· These TDM-based intercell interference management techniques are more suitable for adaptive partitioning of PHY resources between high and low power nodes

· In addition, they can be more dynamic than those relying on frequency separation
· They provide better granularity in resource partitioning with TDM + FDM channelization

· They allow solving the possible co-channel de-sense issue due to high power disparities without the need of frequency guards

· Improved positioning performance with the use of position location RS (e.g., [3])

· Efficient reception of PHY channels and/or signals from cells other than the serving cell

· RRM measurements optimizations at the UE for better power consumption (intra-frequency measurements in Idle and Connected modes)

· Mobility related optimizations possible without extra complexity: 
· e.g., Detection of MIB/SIBs from neighboring cells

· e.g., Detection of handover commands from target cell

· Efficient DL inter-cell interference cancellation techniques at the UE receiver for enhanced DL performance
· DL-RS, PSS/SSS, PBCH, PCFICH, PDCCH, and even PDSCH
· Possibility to enhance interference estimation at the UE receiver by e.g. insertion of “null REs” or by the use of UE-specific reference signals. This in turn enables better throughput in cases where interference varies significantly from RB to RB and from subframe to subframe (partial loading).
·   Efficient relaying operation

· Relay node (RN) and donor eNB need to be synchronized with each other

· Necessary for the access-backhaul partitioning

· Neighboring asynchronous eNBs may cause significant interference issues for relay operation. If two relays are synchronized to different async eNBs, one of the relays may be listening on the DL to its eNB, while the other relay may be transmitting to its eNB at the same time. The second relay may thus jam the first relay completely (as seen in Figure 1 below).  
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Figure 1 Relay Issues in Async Deployments

For the UL: 

· Possibility for enhanced mobility procedure 
· Improved latency: mobility procedure possibly not needing to rely on RACH procedure
· Improved reliability due to the possibility for a UE to be synchronized with cells other than its serving cell

· Reception at the eNB of PHY channels from UEs in other cells using a single FFT engine

· Efficiently enabling UL CoMP
· Efficiently enabling transmission/reception of UL control targeting cells other than the serving cell in support of DL CoMP 

· Efficient inter-cell interference cancelation techniques at the eNB receiver for enhanced UL performance

· Allowing enhanced mobility procedures

· Inter-cell interference management techniques relying on time-division multiplexing (TDM) PHY channels on different cells
· TDM-based intercell interference management techniques are more suitable for adapting the resource partitioning to different scenarios (UE distribution in the network, distribution of low power nodes…)
· Possibility to more dynamically change the resource partition than FDM multiplexing 

· They provide better granularity in resource partitioning with TDM + FDM channelization

· They allow solving the possible co-channel de-sense issue due to high power disparities without the need of frequency guards

· Efficient relaying operation

· Similar to the downlink, relay operation requires synchronization of neighboring eNBs to avoid transmit-receive interference between relays in neighboring cells. 
3 
Time Synchronization Requirements  

It should be noted that the synchronization requirements to support CoMP, relays and other advanced features are not very stringent. In general, it should suffice if the time-difference-of-arrival plus delay spread difference between neighboring cells is within the cyclic prefix. Note that for small cells (e.g. 500m) and low delay spreads, TDOA + delay spread difference translates to the transmit timing difference. Further details on the time synchronization accuracy required for the different techniques are listed in the table below. 

Table 1 Time Synchronization Accuracy Requirements
	Technique 
	Desired TDOA + Delay Spread
	Comments

	CoMP: Coherent Joint Processing
	≤ 0.5 µs


	Want coherence over subband to enable subband-level CQI feedback. If JP is intra-eNB (collocated cells or RRH) then achieving very good timing accuracy is possible.



	CoMP: Cooperative Beamforming or Non-Coherent Joint Processing
	≤ CP
	Graceful degradation with larger delays. E.g. minimal degradation with 10 µs delay. 

	CoMP: Cooperative Silencing
	≤ CP


	Similar to CBF. 

	Relays
	≤ CP


	For silencing to enable range expansion. Similar to Cooperative Silencing



	MBSFN Operation
	≤ 16 µs  

≤ 33 µs
	Long cyclic prefix for MBSFN operation

With dedicated MBSFN carrier

	Positioning (E-IPDL)
	½ OFDM symbol (35 µs)
	To allow for E-IPDL subframe synchronization

	Search and Measurements
	≤ CP or

≤ 0.5 ms
	With <CP timing, can acquire all cells with one FFT

Limited search window provides battery savings

	Intercell Interference Cancellation

	≤ CP
	With <CP timing can demodulate neighboring cell’s signal using same FFT. Graceful degradation with slightly larger delays. Significantly higher complexity required in fully asynchronous system (feasibility of this is FFS.)  

	TDM Interference Management
	≤ CP
	Similar to CBF


We validate the above analysis for the cases of cooperative silencing and cooperative beamforming using simulation results, which are provided in the appendix. The results show that there is no noticeable degradation in performance when the TDOA is under 10 microseconds, while the degradation is substantial when it approaches 1 OFDM symbol.  
Accuracy in the range of a few microseconds is easily achieved by use of GPS or other equivalent GNSS positioning systems. Alternately, for cells that are out of GPS coverage, self-synchronization techniques such as those described in [4] can be used to achieve synchronization. Since the time-difference-of-arrivial (TDOA) between different cells is typically well within the CP length, an async cell (e.g. HeNB) may set its timing to the earliest arriving path from a synchronized cell. For example, if a HeNB uses a macro eNB that is 500m away to achieve its synchronization, the error in timing is only 1.6 microseconds. Moreover, as the UE and HeNB are likely to be very close to each other, the actual TDOA between the signals of the HeNB and the sync eNB at the UE are going to be even smaller. Additional optimizations for finer timing estimation, such as using positioning pilots (E-IPDL RS) and using UE reports for timing correction are FFS.

In [4], we point out that not supporting self-sync in a one release could impact synchronization in future releases. We would like to reiterate this point and also point out that some of the benefits of synchronization listed above are for Rel 9 (e.g. positioning) and others are for LTE-Advanced (e.g. CoMP). However, if LTE eNBs do not have synchronization, they can severely impact the performance of LTE-A eNBs in the vicinity. This in turn implies that an operator may be unable to use some advanced features and will see degraded performance for others due to the presence of the Rel 9 eNBs. This is the case with any feature that benefits from TDM partitioning. In particular, we can see relays, CoMP and positioning enhancements being adversely affected. 
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Figure 2 Impact of Asynchronous Cells on Positioning and CoMP

Figure 2 shows an example of adverse effect on positioning operation. An async eNB prevents the UE from monitoring the E-IPDL RS of the sync eNBs.  A similar effect is seen in CoMP. Let us say two sync eNBs choose some subframes for serving a UE via CoMP (cooperative beamforming, cooperative silencing or joint processing). An async eNB may cause interference to such subframes. This is especially the case in HeNB scenarios, where dominant interference scenarios occur due to CSG cells.  If on the other hand the interfering eNB is sync, it could not schedule any PDSCH transmission or use an MBSFN subframe, allowing for CoMP operation for the other eNBs. 
4 
Frequency Accuracy Requirements
In addition to time synchronization, the techniques described above also require frequency synchronization. We believe that the frequency accuracy requirements similar to those speficied for Rel 8 should suffice for these techniques.. Table 2 discusses these requirements further. 

Table 2 Frequency Synchronization Accuracy Requirements
	Technique 
	Desired Freq Error at eNB
	Comments

	CoMP: Joint Processing
	±5 ppb
	Equivalent to 10 Hz Doppler. If JP is intra-eNB (collocated cells or RRH), then achieving very low ppb is possible.



	CoMP: Cooperative Beamforming or Non-Coherent Joint Processing
	±250 ppb
	Performance not sensitive to freq error. 250 ppb number chosen based on Rel 8 HNB requirements 

	CoMP: Cooperative Silencing
	±250 ppb
	Similar to Cooperative Beamforming

	Relays
	±250 ppb
	Similar to Cooperative Silencing for range expansion

	MBSFN Operation
	±50 ppb
	Same as Rel 8 macro eNBs

	Positioning (E-IPDL)
	±250 ppb
	Similar to Cooperative Silencing 

	Search and Measurements
	±250 ppb
	Same as Rel 8 HNBs. Lower ppb could reduce complexity / improve performance

	Intercell Interference Cancellation

	±50 ppb 
	Upto 200 Hz Doppler, assuming UE unaware of offset



	TDM Interference Management
	±250 ppb
	Similar to CBF


Note that the numbers 50 ppb and 250 ppb are not intrinsically related to the techniques discussed, but.were chosen because these were the requirements used for macro eNBs and 250 ppb for HNBs as specified in Rel 8.  There shoud be no significant performance impact under somewhat different frequency accuracy requirements. 
5 
Conclusion

This contribution has discussed some of the foreseen advantages of having network synchronization in the evolution of the LTE system and their corresponding accuracy requirements. The list of advantages is substantial and, in our opinion, motivates careful attention. 
This document has also discussed possible ways to enable time and frequency-synchronous network operation without the assistance of external satellite systems (e.g. GPS, GNSS). Given the discussed importance of network time-synchronization in LTE-A, we suggest RAN1 to actively seek out guidance from RAN3/RAN4 on this topic emphasizing the importance to find out an adequate method. 
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Appendix
In the following simulations we look at the throughput when part of the last symbol of a subframe sees higher interference than other symbols in that subframe. This models the scenario when a neighbouring cell reduces interference on some subframes for this cell. The reduced interference could be either via cooperative silencing or cooperative beamforming. However it it is partially asynchronous to this cell and hence causes some additional interference on the last OFDM symbol, due to the TDM control symbol overlapping with that symbol. We look at the throughput for different values of timing difference (t) between the cells. Specifically we look at t = [2.2321, 4.4643, 8.9286, 17.8571, 35.7143, 71.4286] which corresponds to a fraction [1/32, 1/16, 1/8, ¼, ½, 1] of an OFDM symbol. Other simulation parameters are summarized below: 

· 4x2, TU, 3 Kmph, 5 MHz, 4 TX CRS
· 3 Control symbols. Data allocation = 5 RBs. 
· CQI /PMI/RI feedback for that subband. 16 Precoding Matrices.

· Dedicated RS used for data demodulation.
In the figures below, SNR denotes the C/N of the serving cell, where N is thermal noise + amibent interference (excluding the interference from the neighboring cell). P denotes the extra interference from the interfering cell over the ambient interference. Thus if SNR = 0 dB and P = 0dB, the SINR experienced on the overlapping portion is -3dB.
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Fig. 3: P = 0 dB, with Channel Estimation
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Fig. 4: P = 5 dB, with Channel Estimation
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Fig. 5: P = 10 dB, with Channel Estimation
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