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1 Introduction
As in LTE, synchronization signals are needed in NR for initial access and for neighboring cell search operations. In NR, it is expected that synchronization signals will be used not only to acquire TRP(s) time/frequency synchronization but also to support multi-beam operations during the initial access stage. Furthermore, as in LTE, synchronization signals could play a role in neighboring cell search operations where UEs would need to measure the quality of neighboring cells for mobility purposes.

The design of synchronization signals for NR needs to consider various aspects and some are listed below:
· Requirement on accuracy of time and frequency synchronization

· Requirement on target coverage of synchronization signal(s)

· Information to be transmitted on synchronization signal(s)
· Design of synchronization signal(s) considering the support of multiple numerologies
· Provisions to support synchronization using different modes of beam operation (multi-beam or single beam)

This paper discusses key principles and alternatives that need to be considered in the design of synchronization signal(s) with reference to the support of multiple numerologies. Compared to LTE, the support of multiple numerologies will allow NR to support different subcarrier spacings that will allow NR to be deployed in carrier frequencies not accessible to LTE. It is therefore important that this feature is properly considered.
The following agreements were made so far in RAN1 with reference to the support of multiple numerologies.
Agreements (RAN1#84bis):
· For the study of NR, RAN1 assumes that multiple (but not necessarily all) OFDM numerologies can apply to the same frequency range

· Note: RAN1 does not assume to apply very low value of subcarrier spacing to very high carrier frequency

Agreements (RAN1#85):
· For a NR carrier (from network perspective) using multiple numerologies, at least the following is for further study
· Multiple frequency/time portions using different numerologies share a synchronization signal

· Note: The synchronization signal refers to the signal itself and the time-frequency resource used to transmit the synchronization signal

The motivation of the above agreements is for the NR specification to allow flexible support of multiple numerologies. More specifically, the end goal is for NR to flexibly apply multiple subcarrier spacings (ex: 15 kHz scaled by an integer) considering aspects of deployment scenario (e.g.: carrier frequency, cell size, Doppler spread, etc.) and target services (e.g.: eMBMS, V2X, URLLC, etc.).

This contribution considers various alternatives RAN1 can study in designing synchronization signal(s) to support multiple numerologies. For each alternative, details are provided on how it might impact the specification support and details on the relevant UE/eNB implementation implications.

2 Support of Multiple Numerologies in LTE

In order to better understand the implications of supporting multiple numerologies for NR, it is first considered how multiple numerologies are supported in LTE. Although the extent of supporting multiple numerologies in LTE is limited as summarized below, it is nonetheless supported. 
· Two types of CP lengths are supported: Normal CP and extended CP
· Two types of subcarrier spacing are supported: 15 kHz and 7.5 kHz (for eMBMS only)

Note that subcarrier spacing of 7.5 kHz is only supported in RAN1 specifications and therefore remains incomplete from specification point of view. Similar, NB-IoT supports a different subcarrier spacing only in the UL. Therefore, LTE’s support for multiple DL numerologies is limited to multiple CP lengths. 
When an LTE UE is turned ON, the CP length used by the eNB is unknown. Therefore, blind detection on synchronization signals is used to determine the CP length. To facilitate this, the LTE secondary synchronization signal for normal CP and extended CP are positioned differently (due to the difference in CP length) thereby allowing the UE to differentiate between the two. Once the UE has acquired the synchronization signals, the CP length used by the eNB is also detected and will proceed with the rest of the initial access procedure assuming this knowledge.

3 Design Alternatives for NR Synchronization Signal(s) 

The core part of supporting multiple numerologies in NR is the support of multiple subcarrier spacings. As noted in the previous section, the support of multiple subcarrier spacings will allow NR to be deployed in carrier frequencies not available for LTE. Also, diverse verticals such as eMBMS and V2X can be supported more efficiently. However, if an NR eNB can be implemented with one of the multiple subcarrier spacings or even combinations of multiple subcarrier spacings, a UE cannot know in advance the subcarrier spacing used by the eNB. 
Note that this uncertainty applies for UE and eNB if connection between the two has not been established. Once a UE is in connected state, the UE can be configured with a UE-specific subcarrier spacing by RRC or L1 signalling. The situation is quite different when a UE is detecting synchronization signal(s). Synchronization signal(s) is the first physical layer signal to be detected by a UE when it is trying to connect to a cell and therefore, any prior configuration regarding the synchronization signal’s subcarrier spacing is impossible. In order to address this issue, we consider three possible alternatives:

· Alterative #1: Specification pre-defines ‘default’ subcarrier spacing for synchronization signal(s) deployed on different carrier frequency ranges
· Alterative #2: Specification allows NR eNB to choose one (cell-specific) of multiple subcarrier spacings for synchronization signal(s)
· Alternative #3: Specification mandates NR eNB supporting multiple subcarrier spacings to also support multiple synchronization signals where each synchronization signal has a different subcarrier spacing
In the following subsections, we discuss the overall operations and corresponding implications of each alternative.
3.1 Alternative 1: ‘Default’ subcarrier spacing
Alternative #1 uses one ‘default’ subcarrier spacing for a given carrier frequency range. In this case, the subcarrier spacing for synchronization signal(s) shall be pre-defined in NR specification. Table 1 shows an example of how this alternative could apply. 
Table 1. Example of default subcarrier spacing

	Carrier frequency range
	Below 3.5 GHz
	3.5 GHz ~ 10 GHz
	Above 10 GHz

	Default subcarrier spacing for synchronization signal(s)
	15 kHz
	30 kHz
	75 kHz


In alternative #1, UE switches the assumption on subcarrier spacing depending on which carrier frequency it is performing synchronization signal(s) detection on. Note that alternative #1 will lead to a synchronization signal design that is not band-agnostic.

The key benefit of this approach is that there is no uncertainty on the subcarrier spacing when a UE performs synchronization signal(s) detection. Since the subcarrier spacing is known to the UE beforehand, the UE’s synchronization process does not require a blind detection to determine the subcarrier spacing. Avoiding blind detection at the UE side is always beneficial in terms of UE complexity and synchronization signal(s) detection performance.

The downside of alternative #1 is that if the eNB wants to implement subcarrier spacing that is different from the ‘default’ subcarrier spacing, it would incur some additional complexity at the eNB side. For example, assume that the eNB decides to support data transmission using a subcarrier spacing of 30 kHz on carrier frequency of 2 GHz. According to Table 1, this would mean that the eNB has to implement synchronization signal(s) with 15 kHz subcarrier spacing but data channels with 30 kHz subcarrier spacing. For the time durations where data transmission and synchronization signal(s) transmission occur simultaneously using FDM, this would necessitate a filtering operation at the eNB transmitter to mitigate cross interference between the signals with different subcarrier spacings as shown in Figure 1.
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Figure 1. For FDM transmission of data and synchronization signal(s) using different subcarrier spacings, eNB filtering operation is necessary to suppress cross interference between data and synchronization signal(s).
3.2 Alternative 2: Full flexibility at eNB
In alternative #2, subcarrier spacing for synchronization signal(s) is determined by the eNB and therefore a UE does not have prior knowledge on the subcarrier spacing used for synchronization signals.

Since the eNB has full flexibility in choosing the subcarrier spacing for synchronization signal(s), the eNB can always choose the subcarrier spacings for data and synchronization signal(s) to be the same. Therefore, an eNB can choose to implement any of 15 kHz, 30 kHz and 75 kHz for data transmission without having to implement a filtering operation to suppress cross interference between synchronization and data signals as in alternative #1. This aspect is the key benefit of alternative #2.

It should be noted, however, that the additional complexity impact at the eNB side (the main downside of alternative #1) cannot be fully avoided even with alternative #2 if the eNB supports UE-specific subcarrier spacing for, e.g. data and dedicated control transmissions. 

The downside of alternative #2 is that since a UE does not have prior knowledge of the subcarrier spacing the eNB uses for synchronization signal(s), the UE has to rely on blind detection to determine the subcarrier spacing. Of course, such requirement for the UE would lead to two problems: increased UE complexity and performance degradation of synchronization signal(s) detection.

3.3 Alternative 3: Multiple synchronization signals
The last alternative is to mandate the eNB to transmit synchronization signal(s) with multiple predefined subcarrier spacings. In effect, the eNB will have to transmit multiple versions of synchronization signals each with different subcarrier spacing. Figure 2 depicts how synchronization signal will be transmitted in alternative #3.
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Figure 2. Multiple version of synchronization signal is transmitted with each utilizing a subcarrier spacing that is supported in NR specifications.

The key benefit is that a UE can choose to detect any of the subcarrier spacings defined in the NR specifications. Consequently, blind detection to determine the subcarrier spacing of synchronization signals is not necessary since multiple versions of synchronization signal(s) are transmitted with each utilizing a different subcarrier spacing. From the UE point of view, it would be enough to implement synchronization signal detection for one of the predefined subcarrier spacings.

The downside of alternative #3 is that while it addresses the UE complexity issue, the eNB complexity is inevitably increased and relatively more wireless resources need to be allocated to the transmission of synchronization signal(s). In addition, it is highly possible that alternative #3 also requires to implement filtering for synchronization signal(s) transmissions unless the eNB schedules UEs that use the same subcarrier spacing as the data in the corresponding TTIs.
Based on the discussions in subsections 3.1, 3.2, and 3.3, the three alternatives on the numerology of subcarrier spacing for synchronization signals are summarized in Table 2.

Table 2. Comparison of three alternatives on subcarrier spacing for synchronization signal(s).

	
	Blind Detection of Subcarrier Spacing
	Detection Performance
	eNB Flexibility
	Wireless Resource Usage

	Alternative #1
	Not necessary
	Good
	Bad
	Good

	Alternative #2
	Necessary
	Bad
	Good
	Good

	Alternative #3
	Not necessary
	Good
	Bad
	Bad


Each alternative has its pros and cons as discussed in previous subsections and as summarized in Table 2. Given that the synchronization signal has a significant impact on overall system operation, it is important that different aspects such as UE complexity, synchronization detection performance, eNB flexibility, and wireless resource usage are considered carefully.

4 Conclusion

This contribution considered various alternatives that RAN1 can study in designing synchronization signal(s) to support multiple numerologies in NR and provided details on how they impact the specification support and details on the relevant UE/eNB implementation implications. Based on this discussion, it is proposed that RAN1 discuss which alternative is selected for the design of synchronization signal(s) under consideration of various aspects such as UE complexity, synchronization detection performance, eNB flexibility, and wireless resource usage.
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