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1 Introduction
This contribution addresses requirements, assumptions and procedures for synchronization of UEs for ProSe D2D operations. The proposal addresses both discovery and communication phases. After a comparison of global and local synchronization, it is concluded that global synchronization is not viable as a common solution for the different scenarios agreed in [1]. Furthermore, local synchronization is sufficient to address all the D2D scenarios of interest with better robustness and smaller complexity as compared to global synchronization. 
The concept builds on the assumption that:

· UEs synchronize to the local synchronization reference (if available) whenever a NW or other synchronization reference is available (e.g., a “cluster head” for out of coverage UEs);

· discovery is able to operate in an asynchronous way (in order to achieve a common solution for commercial discovery, PS (Public Safety) discovery including out/partial NW coverage, inter-cell discovery, inter-PLMN discovery);
· UEs synchronize to a common reference during establishment of communication, in order to reuse most of LTE’s synchronous communication procedures.
In the context of this paper, synchronization refers to the time and frequency references used by the devices. Timing advance aspects are addressed in a companion contribution [4].
2 On the Need for Synchronization

Communication systems may be run both in synchronous and asynchronous fashions, with different performance trade-offs. E.g., cellular LTE was designed since Rel-8 as a hybrid system where certain procedures and channels (e.g., cell search based on PSS/SSS and random access based on PRACH) are asynchronous, while other procedures (e.g., the remaining data and control channels) are performed in a synchronous fashion. Furthermore, both synchronized and unsynchronized deployments are typical for LTE, as captured by the D2D simulation assumptions [2]. 

Considering that new channels, signals and procedures need to be developed for support of D2D services in LTE, a first fundamental aspect to consider is which D2D channels/procedures shall operate in a synchronous fashion, and which ones can be possibly even operated in an asynchronous way.

Synchronous communication is often associated to advantages in terms of spectral efficiency and energy consumption. Accurate time/frequency synchronization may allow for tighter reuse of resources and interference coordination.

On the other hand, synchronization is sensitive to propagation delays, Doppler shifts and time-varying topologies, especially for ad-hoc networks experiencing UEs mobility. Another drawback of synchronization is that it requires a certain time in order to stabilize (i.e., contributing to latency) and it may be associated to slow/no convergence issues, especially in case of mobility. Clearly, synchronization signals are associated to additional overhead, interference and energy consumption both at the transmitter and receiver sides. Under the assumption of time-synchronization, procedures for timing-advance are typically required, increasing the overhead especially for dense deployments and for mobility. Last but not least, synchronization procedures impact largely both the specifications and the performance requirement, affecting the standardization/implementation effort and the cost of devices. 

The above list of pros and cons motivates new synchronization assumptions and corresponding procedures that are tailored for the new application and requirements of D2D in LTE, respectively, for discovery and communication phases. In the next subsections we present and motivate our proposal.

Observations:

· The assumption of synchronous operations is associated to a number of pros and cons

· Each procedure and channel
 has different requirement on the synchronization
3 Global vs. Local Synchronization

Distributed synchronization has been largely studied in scientific literature and various synchronization techniques have been applied in ad-hoc systems such as WiFi and Bluetooth. One way of classifying synchronization techniques is to divide them between global synchronization and local synchronization.
3.1 Global Synchronization

Global synchronization is based on the assumption that all devices are able to acquire (directly or indirectly) a unique common synchronization reference. Global synchronization may be achieved by synchronizing directly to a common global reference that is available to all devices (i.e., a GPS) or by performing a distributed synchronization algorithm. As it will be shown in the following, neither of these approaches is suitable for PS D2D.
The global reference approach is immediately discarded because GPS is unfortunately not a suitable synchronization source for PS for a number of reasons:

· Security reasons: satellites for global positioning systems are owned by certain countries and as such are not a suitable choice for synchronization reference of public safety equipment employed by other countries;

· GPS signals are potentially subject to jamming and their accuracy is not guaranteed;

· GPS is not a solution for indoor UEs, which would need means to inherit synchronization from other outdoor UEs;

· LTE networks are often not synchronized to GPS, which makes GPS unsuitable for synchronizing out of coverage UEs with UEs that are under NW coverage (partial NW coverage PS case) if UEs that are under NW coverage use the synchronization source from the LTE network;

· GPS power consumption significantly affects the autonomy of out-of-coverage PS UEs. Energy consumption models based on commercial GPS chipsets are provided in [7].

Distributed synchronization, on the other hand, is associated to a number of potential drawbacks in terms of performance and complexity. Several distributed synchronization algorithms are based on the fact that UEs transmit a “heartbeat” (i.e., a periodic sync signal) and that all surrounding UEs listen to their neighbours’ heartbeat. Each UE progressively adapts its heartbeat to its neighbour’s reference, until convergence is reached [3].

Assuming that all PS UEs operate inband in the same spectrum and that they are not able to transmit and receive simultaneously within such spectrum, it is challenging for the UEs to be able to monitor heartbeats that are aligned with their own, unless complex aperiodic heartbeats are defined. Furthermore, UEs need to regularly monitor the sync channels for long time in order to acquire their neighbour’s sync reference. Another critical aspect is convergence speed in case of mobility and time-varying topology. Such convergence is even more challenging in case of significant propagation delays between devices, and convergence may for some topologies not be reached at all. Finally, such distributed schemes would not only have a large impact on RAN1 specifications and UEs implementations, but even on the RAN4 requirements.
In addition to the above considerations, it should be observed that the global synchronization assumption violates the requirements for D2D to be operated between cells and different PLMNs, which are typically not synchronized by, e.g., GPS. This is one more reason to discard the assumption of global synchronization for D2D in LTE.
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Figure 1: Global synchronization of cellular and D2D networks (e.g., by GPS)

Observation:

· Global synchronization is not a suitable solution for LTE based D2D
3.2 Local Hierarchical Synchronization

Differently from global synchronization, the local synchronization assumption does not assume that the whole network is globally synchronized to a unique common reference. In the context of LTE cellular networks, local synchronization is assumed in unsynchronized deployments (where each cell operates with an autonomous clock) and for inter-PLMN roaming. In the context of D2D, local synchronization may be implemented in an “on demand” fashion, where UEs synchronize locally to a synchronization reference for specific purposes, e.g., when setting up a communication channel, but without the requirement of having the same synchronization reference as other (possible far away) devices. Devices acting as synchronization references to other UEs are called cluster heads (CH) [4]. As better explained in Section 4, local synchronization is a convenient solution for LTE-based D2D and it fulfils the system requirements efficiently.
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Figure 2: Local synchronization of cellular and D2D networks
Observation:

· Local hierarchical synchronization is able to fulfil the requirements of LTE based D2D
4 Synchronization Proposal for LTE-based D2D

4.1 Asynchronous Discovery

D2D discovery is required to work in a number of scenarios, including among others cellular networks where the cells are not time-synchronized, inter-PLMN discovery, partial NW coverage scenarios where only some UEs are under NW coverage and out of NW coverage UEs. The two latter scenarios are for PS only. 
It is further preferable to develop a common D2D technical solution for PS and commercial UEs, as supported by the large majority of companies [1].

In order to support the above requirements with a common solution, it is necessary that discovery is able to operate in an asynchronous fashion. More details about discovery are provided in the companion contribution [5]. In addition to discovery, simple control signalling procedures need to be operated in an asynchronous fashion, e.g., for setting up connections or triggering connection-less communication [6].
It should be further noted that the performance advantages of synchronous discovery can be still fully exploited in deployments that allow for such type of operation (e.g., a synchronized LTE network). In order to achieve the advantages of synchronous discovery (when possible) and at the same time fulfil the requirements for the various scenarios with a unified technical solution for commercial and PS use cases, the following is proposed:

Proposals:
· Assume local hierarchical synchronization in the design of LTE based D2D
· UEs synchronize to synchronization signals whenever in coverage of a NW or of a D2D “cluster head”
· The cellular NW has the highest priority as a synchronization reference
· UEs are able to decode asynchronous beacons for discovery and possibly other control signalling (e.g., for setting up connections or triggering connection-less communication [6])
4.2 Synchronized Communication

Direct communication follows some form of connection setup (connection oriented communication) or a direct scheduling assignment (connection-less communication) [6]. In both cases, the UEs involved in the communication phase are able to agree on a common communication reference (e.g., a NW or a “cluster head” if available) or to elect one of the devices as the synchronization reference (i.e., the “cluster head” [4]). Such easy procedures allow exploiting the potential advantages of synchronous communication without limiting the use cases for direct communication. Examples of synchronization scenarios for discovery and communication are shown in Figure 3, for various coverage assumptions. It is worth noting the role of the relay UE in cluster 1 which acts as a slave with respect to the NW it camps on. Such a UE acts as a CH and relay towards associated out of coverage UEs, by relaying its synchronization to them and providing connectivity towards the infrastructure NW.
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Figure 3: Examples of synchronization settings for the proposed local hierarchical synchronization approach (i.e., asynchronous discovery, synchronized communication). In this context, the CH (“cluster head”) is the device acting as local synchronization master and broadcasting D2D synchronization signals.
Proposal:
· Synchronization to the NW or to a CH is necessary for the communication phase
5 Conclusions

This contribution discusses the need for synchronization for LTE based D2D and proposes a suitable solution that is able to fulfil the SI [2] requirements with limited complexity and standardization effort. The following is observed and proposed:

Observations:

· The assumption of synchronous operations is associated to a number of pros and cons

· Each procedure and channel
 has different requirement on the synchronization
· Global synchronization is not a suitable solution for LTE based D2D

· Local hierarchical synchronization is able to fulfil the requirements of LTE based D2D

Proposals:
· Do not assume global synchronization in the design of LTE based D2D
· UEs synchronize to synchronization signals whenever in coverage of a NW or of a D2D “cluster head”
· The cellular NW has the highest priority as a synchronization reference
· UEs are able to decode asynchronous beacons for discovery and possibly other control signalling (e.g., for setting up connections or triggering connection-less communication [6])

· Synchronization to the NW or to a CH is necessary for the communication phase
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