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1 Introduction
This paper focuses on synchronization procedures for discovery and communication. This paper addresses the following procedures and system level aspects of synchronization:

· Which information should be conveyed by the synchronization procedure?

· Which nodes should transmit synchronization signals and messages?

· What is the synchronization procedure followed by ProSe UEs?

· What do synchronization signals/messages look like?

· What is the periodicity of synchronization signals/messages?

A companion contribution [1] focuses on synchronization signals design and performance from a single-link performance perspective.
2 Which Information Should Be Conveyed by the Synchronization Procedure?

The main task of synchronization is to enable the receivers to acquire a time and frequency reference. Such reference may be exploited for at least two goals:

1. Aligning the receiver window and frequency correction when detecting D2D channels;

2. Aligning the transmitter timing and parameters when transmitting D2D channels.

Regarding goal 1), synchronization procedures may be exploited to allow the D2D receiver to convey the following information:
· Timing (and frequency) reference of the D2D resource pool for reception:

· Resources to be monitored for D2D communication scheduling assignments

· Resources to be monitored for D2D discovery

· Identity of the synchronization source

· eNB cell ID

· Synchronization identity

Regarding goal 2), synchronization procedures may be exploited to allow a D2D transmitter to convey the following information:

· Timing (and frequency) reference of the D2D pool resources for transmission of scheduling assignments and data:

· Resources to be used for transmitting D2D scheduling assignments

· Resources to be used for transmitting D2D data

· Resources to be used for transmitting D2D discovery beacons
With resource pools, it is intended sets of resources for D2D purpose [1]. More details about the fields to be signalled by D2DSS, PD2DSCH and SIB are provided in [2].

Proposal:

· The synchronization procedure conveys information about:

· D2D resource pool to be used for transmission

· D2D resource pool to be used for reception

· Useful information regarding the synchronization source identity and reliability
3 Which Nodes Should Transmit Synchronization Signals and Messages?

Each D2D UE needs to be aware of the resources to be monitored for discovery and communication, both for the serving cell/cluster and for the neighbour cells/clusters/PLMNs. This is necessary in order to simplify the receiver and allow aggressive DRX cycles, which are essential for acceptable power consumption levels.
The serving eNB broadcasts the D2D pool resources for discovery and communication within its own cell, both for reception (goal 1)) and transmission (goal 2)). 
However, the above information is not sufficient for UEs that are exposed to D2D channels transmitted by neighbour UEs camping on different cells, PLMNs and clusters. Therefore, UEs camping on such neighbour cells, PLMNs and clusters need to periodically signal their own D2D resource pool along their synchronization reference, in order to allow detection. This purpose is fulfilled by the synchronization protocol. In other words, ProSe enabled UEs should relay the synchronization reference and the D2D resource pool to be monitored (goal 1 in Sect.2) by neighbour UEs. 

Additionally, all UEs performing direct transmission should transmit synchronization signals in order to allow synchronization of all potential receivers.
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Figure 1: eNBs/Synchronization Heads broadcast the synchronization reference (eNBs broadcast also the D2D resource pool). ProSe enabled UEs camping on an eNB/Synchronization Head relay the associated sync reference and D2D resource pool.
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Figure 2: Example of synchronization signals broadcasted by eNBs (continuous lines), SCHs (dot-dash) and ProSe UEs (dotted). Note that the lower-left UE receives synchronization signals as
SFN combination of multiple identical sync signals relayed by UEs within cell 1.

To summarize, the following is proposed:

Proposal:

· eNBs/Synchronization Heads broadcast the synchronization reference 
· eNBs broadcast also the D2D resource pool for transmission and reception
· ProSe enabled UEs that are camping on a cell/cluster relay the synchronization reference and corresponding D2D resource pool to be used for reception

4 What is the Synchronization Procedure Followed by ProSe UEs?

In our view, D2D synchronization is a procedure with commonalities to LTE cell search. In order to allow both NW control and efficient synchronization for partial/outside coverage scenarios, the following procedure is proposed:
Receiver synchronization:

1. The ProSe enabled UE regularly searches for LTE cells (according to LTE mobility procedures) and for D2DSS/PD2DSCH transmitted by SS UEs;
2. If any suitable cell is found, the UE camps on it and follows the cell synchronization (according to LTE legacy procedures)
3. If any suitable D2DSS/PD2DSCH transmitted by SS UEs are found, the UE synchronizes its receiver to all incoming D2DSS/PD2DSCH (subject to UE capabilities, see Section 6) and monitors them for incoming connections (Scheduling Assignments).

Transmitter synchronization:
1. The ProSe enabled UE regularly searches for LTE cells (according to LTE mobility procedures) and for D2DSS/PD2DSCH transmitted by SS UEs;
2. If any suitable cell is found, the UE camps on it and follows the cell synchronization for D2D signals transmission

a. The NW may configure the UE to transmit D2DSS/PD2DSCH following the cell synchronization 
3. If no suitable cell is found, the UE verifies if any of the incoming D2DSS/PD2DSCH may be relayed further (i.e., the max hop count has not been reached)

a. If an incoming D2DSS/PD2DSCH that may be relayed further is found, the UE adapts its transmitter synchronization to it and transmits D2DSS/PD2DSCH accordingly (more details in [2])

b. If an incoming D2DSS/PD2DSCH that may be relayed further is NOT found, the UE acts as independent synchronization source and transmit D2DSS/PD2DSCH according to any internal synchronization reference.

Proposal:

· The synchronization procedure prioritizes eNB synchronization over UE-SS
· Different synchronization procedures are followed for the receiver and the transmitter
5 How Many Times Can a Synchronization Reference be Relayed?

The concept of using D2DSS/PD2DSCH for relaying certain control information along with the associated synchronization reference was discussed in Section 3. This section addresses the issue of how many hops should be supported for sync relaying [2]:
· UEs may transmit D2DSS/PD2DSCH derived from D2DSS/PD2DSCH received from a certain eNB or independent synchronization source by at most by n hops

· FFS values for n are 2,3,4.

Increasing the maximum number of hops reduces the number of different synchronization references experienced by a D2D UE. Furthermore, a UE in mobility may experience service discontinuity due to frequent synchronization reference changes. 

A lower limitation in the max number of hops may however result in fewer nodes needing to be reconfigured whenever an independent synchronization source ceases operation or moves away. Error propagation and accumulation is also limited by the number of hops.
According to the simulation results in Appendix, it seems that the suitable number of hops is quite varying depending on the scenario. It is therefore proposed that the max number of hops is statically set to 4 or that it is configurable by the eNB.
Proposal:

· UEs may transmit D2DSS/PD2DSCH derived from D2DSS/PD2DSCH received from a certain eNB or independent synchronization source by at most by n hops
· n is eNB-configurable in the range { 2,3,4} or it is pre-configured to 4.
6 How Many Synchronization References Should a UE Track?

Another aspect that is studied in the Appendix is the number of different synchronization references that a certain UE is exposed to at a given time. The analysis in the Appendix is for a single-carrier scenario. In case of inter-operator (or inter-carrier) D2D, the requirement should be scaled accordingly. It is clear from the analysis that there is a benefit in relaying synchronization multiple times, while the optimal number of hops is scenario-dependent as already observed in Section 5. It is also clear that the out-of-coverage scenario is more challenging than in-coverage scenarios. Therefore, we propose the following:

Proposal:

· PS UEs are required to be able to simultaneously track at least 3 different D2D synchronization references on a given carrier
· The PS UE should monitor the Scheduling Assignment subframes associated to each of the detected synchronization references
· In case the number of detected synchronization references exceeds the UE capability, the synchronization references with highest received power are prioritized.
7 Conclusions

This paper provides an overview of the synchronization procedures in LTE ProSe. The following is observed and proposed:

Proposals:

· The synchronization procedure conveys information about:

· D2D resource pool to be used for transmission

· D2D resource pool to be used for reception

· Useful information regarding the synchronization source identity and reliability
· eNBs/Synchronization Heads broadcast the synchronization reference 
· eNBs broadcast also the D2D resource pool for transmission and reception
· ProSe enabled UEs that are camping on a cell/cluster relay the synchronization reference and corresponding D2D resource pool to be used for reception

· The synchronization procedure prioritizes eNB synchronization over UE-SS
· Different synchronization procedures are followed for the receiver and the transmitter
· UEs may transmit D2DSS/PD2DSCH derived from D2DSS/PD2DSCH received from a certain eNB or independent synchronization source by at most by n hops
· n is eNB-configurable in the range { 2,3,4} or it is pre-configured to 4.
· PS UEs are required to be able to simultaneously track at least 3 different D2D synchronization references on a given carrier
· The PS UE should monitor the Scheduling Assignment subframes associated to each of the detected synchronization references
· In case the number of detected synchronization references exceeds the UE capability, the synchronization references with highest received power are prioritized.
Appendix
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 transmit sync in SFN. 

The number of tracked synchronization references affects directly the UE complexity and its power consumption, since each synchronization reference is associated to own control/data channels to be monitored.

We focus on 23dBm transmitters and -107dBm UE association threshold. 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 same described in [3].
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Figure 3: In-coverage 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 detects 85% of the UEs in proximity.
Figure 2 analyses the in-coverage mandatory scenario for PS, where only 2-hop relaying (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 2 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 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 2, where sync relaying by PS UEs has been limited to respectively 2, 3 and 4 hops, at most. As expected, this scenario is more challenging than the one in-coverage 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, but the optimal number of hops depends both on the propagation and coverage scenario.
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Figure 2: 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.
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