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1 Introduction
For NR initial access, the following design principles of synchronization signals (SSs) were agreed in the RAN1#86 meeting: 
“.. 
· RAN1 should take at least following requirements into account to design initial access

· Providing at least following functionalities

· Detection of NR cell and its ID

· Note: In this context, NR cell corresponds one or multiple TRP(s)
· Initial time/frequency synchronization to the cell

· Providing necessary information for random access…”
In this contribution, the functionalities of the SSs are further discussed with our views and proposals on the design principles of the SSs. 
2 Synchronization Signal Design 
2.1 Synchronization signal structure 
The SS design for NR should be able to leverage on existing design principles from LTE while adapting to the new requirements needed for NR. A short background on the LTE SS design is contained in Appendix A. There are two major criteria for SS design, which are key for NR: 

Low detection complexity 
This is primarily related to the number of complex-valued multiplications needed to detect the signal. Thus it depends on the signal design itself (e.g., sequences), the number of signals (e.g., cell IDs) and their periodicity (e.g., multiplexing of SS for beams). 
Good detection performance 

This is primarily related to the properties of the signals, such as resilience towards frequency offsets and having good cross/auto-correlation properties.
For NR, the support of beam-based access will pose new requirements for NR. For example, more SSs may be needed for beam-based access and potentially associated information may be carried by the SS.  

The design from LTE hinges on a few PSSs (detected in the time-domain) and a larger set of SSSs (detected in the frequency domain) carrying additional information. We believe it is also a good starting point to base the NR SS design on a primary and a secondary synchronization signal and inherit the desirable properties of the SS used in LTE, albeit some NR-specific changes may be required. 

Proposal 1: The NR synchronization signals are adapted from the LTE PSS and SSS.
· The detailed design of NR PSS and NR SSS is FFS.
· The synchronization signals encode at least the NR cell ID.
The periodicity of the SSs needs further study as it is coupled to both the required detection performance and how the beam-based SS transmission scheme will be defined. It may also depend on the handover procedure in NR, e.g., for LTE the periodicity of the PSS/SSS was set to 5 ms, which allows the UE to perform inter-frequency cell search with a reasonably short detection window. 
2.2 Number of Cell IDs 
To provide a UE-cell-center-like framework, a logical entity covering a group of TRPs can be formed to serve a UE, as detailed in [2].  The group of TRPs (e.g., multiple macros and picos) operates together and looks like one to the UE. The network can configure a subset of TRPs to transmit synchronization signals (SSs) and essential system information (SI). In LTE, 504 cell IDs are defined, which was chosen to be roughly the same number of cell IDs as for WCDMA in order to facilitate easier cell planning. On the other hand, during later LTE releases it has been discussed whether this number could be increased in order to provide more efficient deployment of small cells. However, this was not done and it should be understood that significant increase of the number of IDs come at the expense of more complex receivers and worse detection performance. 
Taking into account the characteristics of UE-cell-center-like framework, i.e., the same cell ID within the hypercell for all TRPs and the SS and broadcast system information are associated with this ID, the number of NR cell IDs could be defined to be the same as the number of cell IDs in LTE (i.e., 504 cell IDs). That is, an increase of NR cell IDs may not be needed. Alternatively, since the coverage of the NR cell could be very large and a large number of TRPs share the same NR cell ID, further study may be done whether the number of NR cell IDs could be smaller than 504. Moreover, the NR cell ID could be reused as it is a logical ID, the reduced number of NR cell IDs is beneficial for receiver complexity (i.e., faster acquisition time) and UL based mobility by allowing multiple TRPs transmit the SS associated with the same cell ID  using SFN. Assuming that NR would have a PSS and an SSS similar as in LTE, less than 504 hypercell IDs could be obtained by reducing the number of hypotheses in the NR PSS and/or the NR SSS. 
Proposal 2: The number of supported NR cell IDs should be determined considering deployments where the TRPs can utilize the same NR cell ID within the cell.
· The number of supported NR cell IDs may be smaller than 504.
2.3 Multi-beam Considerations 
When deployed with multi-beam based approaches, various issues need to be considered. In this section, the impact to the synchronization signals approaches with multi-beam transmissions is discussed. 

In [3], we have described different multiplexing methods of the SS including TDM, FDM, CDM and combinations of them. In TDM scheme, the same SS is transmitted using different beams at different time instants.  TDM scheme doesn’t impose any requirement on the type of beamformer. It is applicable for not only the most simplified beamformer, analog beamformer with a single RF chain, but also more advanced beamformers such as digital beamformer and hybrid beamformer. Although beam sweeping in time-domain introduces additional access delay, it can be traded off between the beam width and the number of beams. The TDM scheme is evaluated and analyzed in a companion paper [4]. 
In FDM scheme, the multiple beams conveying SSs are transmitted over different frequency resources simultaneously. Thus digital beamformer or hybrid beamformer with multiple RF chains is required to implement FDM scheme. Moreover the transmit power is split among different frequency resources, which impacts the coverage of each beam. In CDM scheme, the multiple beams conveying SSs are transmitted simultaneously over the same time-frequency resource. Compared to TDM and FDM, CDM scheme requires lower time and frequency resources.  But it requires the design of multiple SS sequences with good cross-correlation properties. Similar to FDM, the split of transmit power among different beams also impacts the coverage of each beam. In a combined scheme, TDM and CDM are jointly used in order to reduce the SS overhead if the TRP can perform digital or hybrid beamforming, but does not have enough RF chains to support simultaneous transmission in all the possible beam directions at the same time.
Proposal 3: Multi-beam SS transmission by TDM is supported as a starting point approach in NR.  

· Further study should be performed for multi-beam SS transmission by FDM or CDM as complementary to TDM in NR. 
· Further combinations are not precluded.
In LTE, the frame timing is determined by the detection of the synchronization signal as the resource location of the synchronization signal is unique for a certain duplex mode. However, if TDM is adopted for multi-beam based SS transmission in NR, the multiple resource locations for synchronization signaling beam sweeping may lead to the ambiguity of the frame timing. This timing ambiguity problem is illustrated in the example shown in Fig 1, where 28 beams conveying SSs (assuming FDM between PSSs and SSSs) are transmitted in a TDM manner. They span two consecutive sub-frames each containing 14 OFDM symbols.  In each frame, the beam sweeping is performed twice, i.e., in the first and second half-frames. Consequently, the SS transmission in each frame involves 4 sub-frames with 2 sets of beam sweepings, and the SS periodicity is kept at 5ms as in LTE. In this example, if the same SS is transmitted in all beams, the UE cannot unambiguously determine the symbol position of the detected SS within the radio frame. 
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Fig. 1
Frame timing ambiguity in NR
To address the frame timing ambiguity in NR, the UE needto identify the symbol index and/or the subframe index, in which the detected SS is transmitted. This symbol/subframe index information can be conveyed to the UE explicitly or implicitly. Explicit indication can be through PBCH signaling, while implicit indication can be through the use of different frequency offset between the SSS and PSS when the SSS and PSS are FDMed or different SS sequences over the respective beams. These are just some examples of both explicit and implicit methods. 
For combined schemes of TDM and FDM/CDM, the similar problem may occur, while it is not an issue for an FDM or CDM scheme.

Proposal 4: Assistance information for the frame timing should be considered for NR beam based synchronization signals design through implicit or explicit schemes. Detail designs should be provided for further studies and comparison.
3 Conclusion
In this contribution, we have considered the challenges on the synchronization signal design and proposed the following to further progress the study:

Proposal 1: The NR synchronization signals are adapted from the LTE PSS and SSS.
· The detailed design of NR PSS and NR SSS is FFS.
· The synchronization signals encode at least the NR cell ID.
Proposal 2: The number of supported NR cell IDs should be determined considering deployments where the TRPs can utilize the same NR cell ID within the cell.
· The number of supported NR cell IDs may be smaller than 504.
Proposal 3: Multi-beam SS transmission by TDM is supported as a starting point approach in NR.  

· Further study should be performed for multi-beam SS transmission by FDM/CDM as complementary to TDM in NR. 
· Further combinations are not precluded.
Proposal 4: Assistance information for the frame timing should be considered for NR beam based synchronization signals design through implicit or explicit schemes. Detail designs should be provided for further studies and comparison.
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Appendix A

In LTE, the synchronization signals (including PSS/SSS) are transmitted in each cell. The detection of these two signals not only enables coarse time/frequency synchronization, radio frame timing and slot timing, but also provides a UE with physical cell ID (composed of cell-ID group and the cell index within the cell-ID group), cyclic prefix (CP) length and duplex mode (TDD or FDD), as summarized in Table-1.
Table- 1
Functionalities of SS in LTE
	Synchronization Signals
	Functionalities

	PSS
· length-63 ZC sequence, 
· 2 identical PSSs within a frame
	Coarse time/frequency synchronization

	
	Slot timing (5ms)

	
	Cell index within the cell-ID group (3 hypothesis)

	SSS
· Composed of 2 length-31 m-sequences with frequency interleaving 

· 2 different SSS (SSS1 & SSS2) within a frame
	Cell-ID group (168 alternatives)

	
	Radio frame timing (10ms)

	
	CP length (normal CP or extended CP)

	
	Duplex mode (TDD or FDD)

	
	Fine frequency synchronization (via phase shift between SSS and PSS)


These signals have been judiciously designed for allowing low-complex implementation of the receiver and the transmitter, while having undergone extensive evaluation campaigns in Rel-8. The PSS utilizes Zadoff-Chu (ZC) sequences, which are widely used for other type of reference signals as well. In particular, the sequence is mapped symmetrically around the DC subcarrier in order to provide a centrally-symmetric signal
. The symmetric mapping is a necessary condition for obtaining complex-conjugate pair time-domain signals (root indices u=29 and u=34), which offers parallel detection and reduces the multiplication complexity by 50%. The SSS is constructed from m-sequences, which allows low-complex receivers based on fast Hadamard transforms. The division of the 504 cell IDs into 3 hypotheses in the PSS and 168 hypotheses in the SSS was seen as a good compromise between performance and complexity. No transmit diversity was defined for the PSS and SSS. However, a PSS/SSS pair is transmitted on the same unspecified antenna port which allows proprietary transmit diversity schemes (e.g., precoder vector switching), as well as coherent detection of the SSS by utilizing the PSS as reference signal.
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� Such complexity reduction would still be possible to obtain if it is mapped symmetrically around an arbitrary subcarrier and it does not preclude locating the SS at other frequency positions.  
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