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1 Introduction

One objective in the feasibility study of LTE small cell enhancement [1] is to assess the feasibility and benefits of radio-interface based synchronization mechanisms to support time synchronized operation of the small cell layer and between small cells and the macro layer.  Synchronized operation of small cells is essential for TDD systems and beneficial for FDD systems in inter-cell interference coordination mitigation.    This paper discusses the possible methods of small cell synchronization.    
2 Methods of Inter-Cell Synchronization 
Typical network synchronization is for each network element to synchronize with the timing generated from one primary reference source.  Telecommunication networks are synchronous networks.  For example, ITU-T defines the synchronization reference chain for synchronized digital hierarchical (SDH) network [7].   SDH has one master clock as the primary reference clock at the top of the hierarchy (stratum 1) and carries the timing information to the network elements in the lower strata (strata 2, 3, and 4).   The ITU-T SDH specification covers the requirements of frequency stability of the oscillator, hold over stability, pull-in range, wander filtering, and phase transient, at each network element from stratum 1 backbone network to stratum 4 end office, CPE network, and wireless networks, to perform network synchronization.   SDH provides timing for each network element as the reference timing to discipline the local oscillator to achieve network synchronization.   However, the accuracy of network synchronization in SDH gets worse as the timing reference signal travels from top of hierarchy (stratum 1) to the bottom of the hierarchy (stratum 4).   

Some wireless networks, such as TD-LTE, TDD WCDMA, CDMA networks, are required to operate synchronously in order to function properly.  The synchronization requirements, such as 3 (s for CDMA2000 networks or 2.5 (s for TD-LTE and TDD WCDMA, are quite stringent and could not be met through SDH.  In order to meet the synchronization accuracy requirements in these wireless networks, most base stations use GNSS/GPS time as the reference time for cell synchronization.  GPS/GNSS use absolute time as the primary reference time for each base station to synchronize.   Some wireless networks, such as HSPA FDD and LTE FDD systems, are designed without the requirement of network synchronization but operate synchronously to support the desired features, such as eMBMS, Positioning, and CoMP, and to improve the system performance.   The synchronization requirements for certain LTE features or improving wireless network performance are different depending on the characteristics of each feature.   For example, positioning technologies, such as OTDOA, demand high accuracy in network synchronization at around 100 ns.   GNSS/GPS could provide desired accuracy of network synchronization for positioning technology.   However, the drawback on network synchronization by GPS/GNSS is the lack of satellite coverage in indoor environments.   In small cell deployment scenarios 2b and 3, small cells are located indoor.  Thus, GPS/GNSS is not a feasible technique for small cell synchronization.   
In UMTS, an inter Node B Node Synchronisation procedure was defined in [6] and used in the TDD mode to compensate the timing differences among Node Bs in order to achieve a common timing reference. The purpose of having a common timing reference is to allow Inter-cell Synchronisation, which is used, within neighbouring cells to minimise cross-interference.  The accuracy of Inter Node B node synchronization also depends on the stability of the primary reference clock which generates the common timing reference.   
IEEE 1588 defines a synchronization protocol and procedure based on client-server architecture [5].  IEEE 1588 is designed to support local network synchronization in packet-switching networks.  An IEEE 1588 grand server retrieves the reference time from the primary time server (PRS) and sends the reference time through the packet based network to slave-drive the local clock at the 1588 client.   An illustration of network synchronization for UTRAN and EUTRAN by IEEE 1588 is shown in Figure 1.   For small cell synchronization, each small cell is considered as an IEEE 1588 client and synchronized with IEEE 1588 grand master, which could be the macro cell or one of the small cells, through IP network with non-ideal backhaul.   IEEE 1588 synchronization protocol provides sufficient accuracy to meet the TD-LTE synchronization requirement [8].  Thus, IEEE 1588 synchronization protocol is feasible for small cell synchronization in both indoor and outdoor deployments.           
Proposal 1: Existing network synchronization methods, such as IEEE 1588, GPS/GNSS, or SDH, are feasible solutions for small cell synchronization in all deployment scenarios.    
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Figure 1: IEEE 1588 synchronization protocol for LTE network synchronization
3 System Analysis of Air Interface Synchronization for Small Cells
Air interface synchronization is for each cell to synchronize with one reference cell through the radio link as shown in Figure 2.  The criterion for air interface synchronization to work is for one cell to hear clearly the DL transmission of the reference cell.    The received signal quality from reference cell’s DL transmission needs to be very good in order to get accurate timing information for synchronization.    
· For homogeneous network deployments - the coverage area of each cell has only a small overlap with other cells.  It is very difficult to have one cell receiving clear DL signals from the reference cell.  Thus, air interface synchronization is not a feasible solution for homogeneous network deployments.  
· For unplanned network deployments - some small cells might be able to hear from another small cell with large overlapped coverage area in some deployment scenarios, such as small cell deployment scenario 3.    An isolated small cell could not hear from other small cells.  Thus, air interface synchronization is not reliable for unplanned network deployments.    
· For heterogeneous network deployments - small cells are capable of receiving DL signals from macro cell as in Figure 2.   Small cells could synchronize with the macro cell’s DL signals, such as CRS.  
·  In the co-channel deployment scenario, such as small cell deployment scenario 1, the small cells would be interfered by their own DL transmissions when synchronizing with the macro cell through the radio link.  

·  For indoor small cells in the non-co-channel deployments, such as small cell deployment scenario 2b, DL signals from macro cell would have large wall penetration loss for small cells to synchronize.  Thus, small cell synchronization could be inaccurate.   
In summary, air interference synchronization for small cell synchronization is a very challenging task in some of the small cell deployment scenarios.  The accuracy of the small cell synchronization depends on the hearability from the reference cell, such as macro cell.   The co-channel interference and self-interference would reduce the hearability and degrade the accuracy of small cell synchronization.   

Proposal 2: Air interface synchronization is not a reliable solution for small cell synchronization in most deployment scenarios.  
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Figure 2: Small Cells synchronize with macro cell through radio link
4 Conclusions

In this paper, we discuss several synchronization methods for small cell synchronization.   Our proposals for small cell synchronization are as follows,
Proposal 1: Existing network synchronization methods, such as IEEE 1588, GPS/GNSS, or SDH, are feasible solutions for small cell synchronization in all deployment scenarios.    

Proposal 2: Air interface synchronization is not a reliable solution for small cell synchronization in most deployment scenarios.  
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