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1 Introduction
This paper provides simulation results for multihop synchronization. Based on the online discussions the following questions have been raised regarding multi-hop synchronization:
· What is the complexity requirement for a UE with multihop synchronization?

· Is Multihop synchronization sensitive to mobility?

· What is the performance with SFN reception of D2DSS associated to a certain hop number?

We address all the above questions by simulation in this paper, showing that multihop synchronization is convenient from performance and UE complexity perspectives.

2 UE Complexity Comparison With and Without Multihop Synchronization
In this section we analyse the number of different synchronization references experienced by each PS D2D UE by simulation. It is assumed that UEs associated to the same synchronization reference and same hop transmit D2DSS and PD2DSCH in SFN. Different hops of the same sync reference are TDM [1]. 

With synchronization reference we refer to the time/frequency reference defined by the original hop in a multihop synchronization protocol (more details in [1]). Therefore, multiple SSs may transmit D2DSS/PD2DSCH associated to the same synchronization reference.

The number of tracked synchronization references affects directly the UE complexity and its power consumption, since each synchronization reference is associated to a SA pool to be monitored.

The number of synchronization references affects also interference, since asynchronous interference originated by many sync references is hard to coordinate.

We focus on 23dBm transmitters and -107dBm UE association threshold [2]. In these results only D2DSS transmitted by SS of UE-type are accounted for. It is also assumed that all UEs under NW coverage relay the D2DSS of their serving eNB. The synchronization protocol is the one described in [3].
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Figure 1: In-coverage PS scenario. A) The CDF shows that a UE is likely to detect even more than 10 different synchronization references associated to different eNBs. B) It is sufficient to track the 3 most powerful synchronization references to detect 85% of the UEs in proximity.
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Figure 2: In-coverage General scenario. A) The CDF shows that a UE is likely to detect even more than 20 different synchronization references associated to different eNBs. B) It is sufficient to track the 8 most powerful synchronization references to detect 85% of the UEs in proximity.

Figure 1 analyses the in-coverage mandatory scenario for PS, where only 2-hop relaying is used (all UEs relay sync from the eNB they camp on). The left part of the figure shows the distribution of the number of received distinct synchronization references (e.g., from UEs associated to different eNBs). It is clear that the number of received references is rather larger, often exceeding 10 references/UE.

However, the most interesting result comes from the rightmost part of Figure 1 where we assumed that each UE tracks only the x strongest D2DSS references. It is possible to synchronize to 85% of the UEs in proximity by only tracking the 3 strongest synchronization references. A reasonably low number of tracked references is indeed crucial for UE complexity and power consumption.

Figure 2 provides the analysis for the General scenario. The critical case is with 500m ISD and all outdoor UEs, however such scenario is quite unlikely. Similar conclusions as for the PS scenario are possible even in this case.

Observations:

· Under NW coverage, PS UEs are able to detect 85% of UEs in proximity if 2-hops relay is supported and at least the 3 strongest synchronization references are tracked.

· Under NW coverage, consumer UEs are able to detect 85% of UEs in proximity if 2-hops relay is supported and at least the 8 strongest synchronization references are tracked.
Figure 3 focuses on the out-of-coverage scenarios and even non-mandatory deployments for PS with ISD=500m are included. The three subplots correspond to the rightmost part of Figure 1, where sync relaying by PS UEs has been limited to respectively 2, 3 and 4 hops, at most. As expected, these scenarios are more challenging than the in-coverage ones and with 2-hops relaying poor coverage is achieved unless at least 10 synchronization references are simultaneously tracked. However, by allowing up to 3-hops relaying it is sufficient to cover 90% of the UEs except for the mixed 500m scenario by only tracking the 3 most powerful synchronization references. Furthermore, by allowing up to 4-hops relaying it is sufficient to cover 90% of the UEs by only tracking the 3 most powerful synchronization references for all the considered scenarios.
It is obvious that multi-hop synchronization relay has large benefits, and the optimal number of hops depends both on the propagation and coverage scenario.
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Figure 3: Out-of-coverage scenario. With 2-hops relaying, 10 sync references need to be tracked in order to cover 85% of the UEs in proximity. With 4-hops relaying, 3 sync references are sufficient to exceed the same coverage goal.

Observation:

· Multihop synchronization simplifies UE implementation greatly by reducing the number of simultaneously tracked sync references.
3 Synchronization Performance with UE Mobility
We have simulated a system where each UE is moving at 3km/h. In Table 1 and Table 2 we considered in-coverage and out-of-coverage scenarios, both for 1732m ISD and mixed in/outdoors. Similar results are obtained for 500m (omitted here for limited space reasons). The simulation assumptions are the same as in Section 2.
Table 1: Radio of sync references that are in proximity of a given UE for less than T seconds (-107dBm proximity threshold). All sync references in proximity are monitored by all UEs.
	 
	InC
	OoC, 2 hop
	OoC, 3 hop
	OoC, 4 hop

	T=1s
	7%
	45%
	45%
	54%

	T=10s
	21%
	91%
	91%
	91%


Table 1: Radio of sync references that are in proximity of a given UE for less than T seconds (-107dBm proximity threshold). The 3 strongest sync references in proximity are monitored by all UEs.

	 
	InC
	OoC, 2 hop
	OoC, 3 hop
	OoC, 4 hop

	T=1s
	6%
	48%
	46%
	54%

	T=10s
	17%
	93%
	91%
	91%


From the above tables it is concluded that for the in-coverage scenario at least low-mobility can be supported by updating the set of tracked synchronization references every few seconds.
Observation:

· For in-coverage scenarios at least low-mobility can be supported by updating the set of tracked synchronization references every few seconds.
However, for the out of coverage scenario the following observations are made:

Observations:

· For out-of-coverage scenarios about half of the synchronization references in proximity change within 1s 
· PS UEs must be able to update the set of sync references in proximity a few times per second

· Multi-hop relaying has no major impact on synchronization references mobility

· Tracking of the strongest N references does not improve the mobility issue for out of coverage because the set of strongest references changes rapidly
The observations above indicate that shorter time periodicity of D2DSS/PD2DSCH transmission should be considered for PS carriers as compared to commercial carriers.

Proposal:

· D2DSS and PD2DSCH are transmitted more often on PS carriers as compared to commercial carriers.

4 Synchronization Accuracy with SFN D2DSS Transmission
In this section we study on link level the impact of SFN transmission of D2DSS on synchronization accuracy, based on the D2DSS design from [1]. Note that a total power constraint is applied in these simulations, i.e., SFN gains are not visible in the results.
Figure 4 compares the timing accuracy for respectively 1, 2 and 5 UEs transmitting the same PSS/SSS sequences over independent ETU channels with low mobility. At each iteration in the simulation independent uniformly distributed propagation delay error [-0.5us;+0.5us] and Doppler shift error [-400Hz;+400Hz] are added to each UE, modelling the combination of propagation delay, oscillators inaccuracy and Doppler. Figure 5 and Figure 6 compare respectively frequency estimation and sequence identification for PSS and SSS. 

It can be concluded that for reasonably small Doppler and timing offsets between the combined channels link performance is mildly affected by SFN combination. The minor performance degradation is expected to be largely compensated by the system level gains of SFN combination of D2DSS.

[image: image4]
Figure 4: Effect of SFN combination of D2DSS on timing estimation

[image: image5]
Figure 5: Effect of SFN combination of D2DSS on frequency estimation


[image: image6]
Figure 6: Effect of SFN combination of D2DSS on sequence identification

Observations:

· SFN combination of D2DSS from SS UEs is feasible

· While the degradation at link level is minor, large gains are expected at system level
5 Conclusions

This paper provides an overview of multi-hop synchronization performance in LTE ProSe. The following is observed and proposed:

Observations:

· For in-coverage scenarios at least low-mobility can be supported by updating the set of tracked synchronization references every few seconds.

· For out-of-coverage scenarios about half of the synchronization references in proximity change within 1s 
· PS UEs must be able to update the set of sync references in proximity a few times per second

· Multi-hop relaying has no major impact on synchronization references mobility

· Tracking of the strongest N references does not improve the mobility issue for out of coverage because the set of strongest references changes rapidly
· SFN combination of D2DSS from SS UEs is feasible

· While the degradation at link level is minor, large gains are expected at system level
Proposal:

· D2DSS and PD2DSCH are transmitted more often on PS carriers as compared to commercial carriers.
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