[bookmark: _Toc193024528][bookmark: _GoBack]3GPP TSG-RAN WG1 NR AdHoc 	R1-1700784
16th - 20th January 2017
Spokane, USA 

[bookmark: Source]Agenda item:	5.1.1.1.1
Source: 	Qualcomm Incorporated
Title: 	Synchronization signal bandwidth and multiplexing consideration
[bookmark: DocumentFor]Document for:	Discussion/Decision
1. [bookmark: _Ref462751722]Introduction
[bookmark: _Ref470449758][bookmark: _Ref462751328]This contribution provides our high-level synchronization design for the NR bands (both below 6GHz and above 6GHz bands). More specifically, we present a unified synchronization signal block design for all NR bands and propose the synchronization signal bandwidths, numerologies and multiplexing to be adopted by different NR frequency bands.
Our companion contributions, listed below, cover other aspects of the synchronization design:
· [1] presents our synchronization raster design
· [2] presents our proposed synchronization signal design
· [3] presents PBCH design and considerations
· [4] presents our views on the synchronization periodicity
2. Overview
It is important to discuss the design requirements for the synchronization signals before going into more detailed discussion on sequence and signal design. More specifically, we summarize our views on such design requirements and considerations for synchronization signals (SS) and physical broadcast channels in Table 1.
[bookmark: _Ref471646580]Table 1: Synchronization signal design requirements
	Aspects
	Below 6GHz Requirements
	Above 6GHz Requirements

	Use cases
	· Initial access
· Mobility/RRM
· Beam tracking (specially for above 6GHz bands)
· Frequency tracking for narrow band mode

	Synchronization signal frequency raster
	The larger synchronization signal frequency raster, the lower initial access latency. Furthermore, the synchronization raster should allow synchronization signal subcarriers to be aligned with subcarriers of data/control channels (discussed in [1])

	Initial access vs. mobility synchronization signals
	· Periodicity is the same for both initial access and mobility SS
· Waveform is the same for both initial access and mobility SS
· SS block may not always contain PBCH e.g., measurement RS (MRS) may be in the locations of PBCH instead (Section 4.1). MRS is for beam tracking and measurement [5]

	Time footprint
	· SS block should fit into slots of different numerologies up to 60kHz slot
· SS block should not overlap with uplink common burst (ULCB) and downlink common burst (DLCB) for simple implementation and desired L1 latency.
· SS block should not overlap ULCB for not blocking uplink transmission.
· Theoretically it is possible to use DLCB for SS block but it is much cleaner not to touch DLCB for smooth common control RS processing and PDCCH processing. In particular, if SS block overlaps with DLCB, UE has to adjust PDCCH search space for the slots containing SS block.

	Synchronization signal bandwidth (MHz)
	Less than 5MHz
	Less than 40MHz



Proposal 1: RAN1 considers design requirements for synchronization signals summarized in Table 1.
As RAN1 suggested, we should aim to have a unified NR synchronization design across different frequency bands. However due to some fundamental differences in the nature and requirements of different bands (e.g. mmWave vs sub-6GHz bands), we may not have a single synchronization design that works properly for all frequency bands. In this contribution we provide our proposal where we have a unified design for the synchronization signal waveforms and the SS block, while the bandwidth and subcarrier spacing of the synchronization signals may be band-dependent.
More specifically, the NR frequency bands may be classified into three categories: 
· Band category A consists of the below 6GHz frequency bands whose minimum carrier bandwidth is 5MHz
· Band category B consists of the above 6GHz frequency bands whose minimum carrier bandwidth is 80MHz
In Section 3, we discuss the synchronization bandwidths and numerologies to be adopted for these 2 band categories. In Section 4, we provide a unified design for the SS block that consists of one OFDM symbol for the primary synchronization signal (PSS) and one OFDM symbol for the secondary synchronization signal (SSS), and may additionally contain two OFDM symbols for the physical broadcast channel (PBCH). As shown in Figure 1 the constituent signals within a SS block are proposed to be time-multiplexed. 


[bookmark: _Ref471398764]Figure 1: Unified NR synchronization signal block design
3. Synchronization Signal Bandwidth and Numerology
In this section, the bandwidth and numerology for synchronization signals are jointly considered to enable a unified synchronization signal design across NR frequencies regardless of below 6GHz or above 6GHz.
3.1 Bandwidth
It is discussed in [1] that it is more efficient for initial acquisition if synchronization signal frequency raster to be coarser than the channel raster. For such synchronization channel raster based design, the synchronization signal bandwidth could depend on the synchronization signal frequency raster and the minimum system bandwidth. Since the minimum system bandwidth could be band-dependent, the synchronization raster can also be band-dependent. The details of synchronization signal frequency raster design considerations can be found in [1] and summarized in Table 2. 
For below 6GHz frequency bands, the band category A is to handle the NR deployments on narrow-bands. In addition, such band classification enables a unified synchronization signal design across frequency bands, e.g., identical synchronization sequences for all frequency bands (different synchronization subcarrier spacing depending on band category discussed later). The supported synchronization signal bandwidth can be derived from both the minimum carrier bandwidth and the synchronization signal frequency raster. 
For band category A, we can have the following options to support minimum carrier bandwidth of 5MHz while still maintaining large synchronization signal frequency raster 
· Option A1: Additional synchronization frequency location can be defined in the RAN4 spec in addition to the large sync raster in the band that 5MHz NR deployment is needed. This solution guarantees that every NR carrier is self discoverable
· Option A2: 5MHz NR carrier can be used as SCell for CA. The actual synchronization signal frequency location in SCell can be indicated/signaled by the PCell. This solution cannot guarantee that synchronization signal on SCell is always self discoverable but does not require RAN4 to exhaust all the possible sync locations for 5MHz deployment.
Based on above discussions, the preference for the synchronization signal bandwidth and the synchronization signal frequency raster at frequency band categories is
[bookmark: _Ref471646656]Table 2. Synchronization signal bandwidth and the synchronization signal frequency raster
	Parameter
	Band Category A
	Band Category B

	Minimum carrier bandwidth (MHz)
	5
	80

	Synchronization frequency raster (MHz)
	4.68 (if channel raster is 120kHz) or 4.5 (if channel raster is 300kHz)
	36

	Synchronization signal bandwidth (MHz)
	4.32
	34.56


3.2 Numerology
NR is envisioned to support flexible numerology and the numerology requirements could be different for the low frequency (e.g., 15kHz, 30kHz or 60kHz) and high frequency (60kHz, 120kHz or 240kHz). The burden on searcher at the UE will be very high if a set of synchronization signals is dedicatedly designed for a given numerology since searcher will have to blindly search for all possible synchronization signals. On the other extreme, if only one set of synchronization signals is designed for all numerologies, it would be difficult to find the best numerology working for all deployments. As a result, it might be preferred to define frequency range and select the synchronization numerology working best for each frequency range. 
Furthermore, it is desirable that the synchronization signal sequences are identical across frequency bands. It is previously proposed that the synchronization signal bandwidth is scalable. Hence, the subcarrier spacing of the synchronization signals is band-dependent. Another aspect to select the subcarrier spacing for synchronization signals is the time footprint requirement discussed in Section 1 e.g., synchronization signals should fit into slots defined by data channel numerology and should avoid the common bursts of self-contained slots. More specifically, it is expected that the subcarrier spacing for data channels can be supported up to 60kHz for band category A. Table 3 summarizes the sub-carrier spacing proposals for synchronization signals at different frequency bands.
[bookmark: _Ref470450499]Table 3: Sub-carrier spacing of NR synchronization signals
	Band Category A
	Band Category B

	30 kHz
	240 kHz





[bookmark: _Ref470737089]Figure 2: Synchronization signal block in TDD slot
Based on above discussions, the following proposal is made for the synchronization signal numerology.
Proposal 2: The bandwidth, numerology and frequency raster for synchronization signals are proposed as follows.
	Parameter
	Band Category A
	Band Category B

	Minimum carrier bandwidth (MHz)
	5
	80

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	Sub-carrier spacing (kHz)
	30
	240



4. Synchronization Signal Block and Burst
RAN1 #86b defined the notions of ‘synchronization signal (SS) block’, ‘SS burst’ and ‘SS burst set’. The BS transmits PSS, SSS and/or PBCH within a SS block. One or multiple SS block(s) compose an SS burst, while one or multiple SS burst(s) compose a SS burst set. The transmission of the SS burst set was also agreed to be periodic. In what follows, we provide our unified design (across different bands) for the SS block.
4.1 Synchronization Signal Block
A synchronization signal block consists of one OFDM symbol for the primary synchronization signal (PSS) and one OFDM symbol for the secondary synchronization signal (SSS). Furthermore, the synchronization signal block may contain two OFDM symbols for the physical broadcast channel (PBCH) which are identical: one PBCH symbol in the beginning of SS block and the other in the end of SS block. Such two identical PBCH symbols, which are separated by PSS and SSS, allow UE to refine the carrier frequency offset (CFO) estimation. More specifically, UE can coarsely estimate the CFO based on synchronization signals and further refine the estimate by two looks of PBCH without decoding PBCH. The FTL loop based on synchronization signals and PBCH is expected to be good enough for UE to decode PBCH as well as common search space successfully in a narrow band mode e.g., RRC IDLE or RRC CONNECTED INACTIVE states. The pull-in range for FTL is [-5kHz, 5kHz] for 30kHz SS/PBCH subcarrier spacing (below 6GHz) and [-40kHz, 40kHz] for 240kHz SS/PBCH subcarrier spacing (above 6GHz).
There are different options for multiplexing synchronization signals within a SS block: (a) TDM, (b) FDM, or (c) any combination of the two. In [6] we compared TDM and FDM methods in details and through simulations and observed TDM approach is the preferred option. Therefore, the synchronization signals and the physical broadcast channel within a SS block are proposed to be time-multiplexed. The main benefits of TDM approach are summarized in Table 4, more details can be found in [6] (please also refer to [2] for updated simulation results). 


[bookmark: _Ref471467513]Table 4: TDM vs FDM approach
	Aspect
	TDM
	FDM
	comments

	Subcarrier spacing (CP and duration of each synchronization symbol)
	Wider (shorter)
	Narrower (longer)
	

	Timing Estimation accuracy
	Better
	Worse
	Finer TD samples in TDM approach

	PAPR of PSS
	Better 
	Worse
	ZC-based PSS maintains good PAPR if not FDM’d with other signals

	PBCH demodulation
	SSS used as the reference
	Needs dedicated reference tones
	See note 1

	Sensitivity to frequency offset and phase noise
	Less 
	More
	

	Frequency estimation accuracy
	Better
	Worse
	See note 2

	Receive beam selection latency  
	Better
	Worse
	See note 3



Note 1: One benefit of the TDM design is that SSS can be used as the reference for channel estimation of the PBCH symbols. In this regard, SSS must be transmitted from the same antenna ports as PBCH. The details of PBCH design are provided [3], where it is discussed that PBCH transmission may support two-port transmission diversity. In this case, the SSS transmission should be able to provide channel estimation for the two ports.
Note 2: The specific TDM design consists of 2 PBCH symbols transmitted at the beginning and the end of a SS block. We further propose that signal transmitted within these two sub-symbols be the same (e.g. same redundancy version). This repeating structure can be used to provide a finer frequency offset estimation, without UE having to decode PBCH first. Note that even better estimation can be achieved (especially at low SNR) after successful PBCH decoding, if the UE uses regenerated PBCH symbols. More details can be found in [2].
Note 3: In the multi-beam scheme, the synchronization signals can provide a reference to the UEs to refine the Rx beam on the selected sub-array. Having multiple signals TDMed within a SS block can reduce the latency of the Rx beam selection by allowing the UE to try multiple receive beams for different symbols of a SS block.
The synchronization signal sequences are identical across frequency bands. However, the subcarrier spacing of the synchronization signals, and hence the occupied bandwidth, is band-dependent as described in Table 3. The synchronization signal design consideration is provided in Table 5. The design of synchronization signal and PBCH are discussed in [2] and [3], respectively.
[bookmark: _Ref470461782]Table 5: Synchronization signal block design parameters
	Design parameters
	PSS
	SSS
	PBCH

	The maximum number of sub-carriers
	144
	144
	144

	The number of OFDM symbols
	1
	1
	2

	Sequence length (or the number of used sub-carriers)
	127
	Up to 128 depending on SSS design
	Up to 128 depending on code rate and repetition



Proposal 3: Synchronization signals and physical broadcast channel (PBCH) are time-multiplexed. In particular, the multiplexing ordering is PBCH, PSS, SSS and PBCH. Furthermore, the two PBCH symbols within a SS block are identical.
For mmW bands (category B), some beam reference signals (MRS) may also need to be transmitted to the UEs. In one example, the PBCH may not be transmitted as frequently as PSS/SSS. Hence, the BS may not transmit PBCH in some SS blocks. In those SS blocks where PBCH is not present, the BS may transmit MRS instead. Therefore BS has the flexibility to optimize PBCH periodicity for various deployment scenarios (standalone, non-standalone, DC, CA, etc.) Note that the transmission BW of MRS may be wider than PSS/SSS/PBCH, also the TDM design allows the flexibility to transmit MRS with a potentially different beam than PSS/SSS in the same SS block. An example is shown in Figure 3.


[bookmark: _Ref471318202]Figure 3: Multiplexing PBCH or MRS with synchronization signals in a SS block
4.2 Synchronization Signal Burst
An SS burst consists of a number () of SS blocks. We have already proposed [7] that a multi-beam synchronization transmission scheme should be adopted, at least for mmW bands (band category B), wherein the base station transmits synchronization signals (SS blocks) in different directions to cover a sufficiently large angular region both in azimuth and elevation.  Therefore in a multi-beam synchronization transmission scheme, an SS burst contains multiple SS blocks that are possibly beamformed in different directions. For lower frequency bands (category A), a single-beam solution may be adopted where the synchronization signals are transmitted using a (pseudo) omni beam. In the single-beam solution, that can be viewed as a special case of the multi-beam scheme, the SS burst may contain a single SS block (or in the general case multiple repetitions of a SS block). 
Observation: the number of SS blocks within a SS burst may be band-dependent. 

[image: ]
[bookmark: _Ref471646904]Figure 4: SS burst contains one or multiple SS blocks
In the general case where the SS burst contains multiple SS blocks, a UE detecting PSS/SSS in anyone of these SS blocks can acquire the symbol boundary. However, the UE cannot determine the block (symbol) index within the burst and, therefore, the subframe or burst boundary. That is, the UE needs to further determine the SS block index – e.g.,  in Figure 4 – in which it detects the synchronization signals. In a standalone deployment, the BS needs to convey the block index alongside the synchronization signals. Note that the UE needs to determine the boundaries of the SS burst (through detecting the SS block index) before its RACH transmission to determine the RACH resources.
In the time domain, some resources must be periodically allocated for the transmission of synchronization signals (e.g. every X msec as in Figure 4). A shorter periodicity (i.e., more frequent transmission of sync) would be beneficial for reducing the synchronization latency, processing complexity and memory requirements of the UE searcher. On the other hand, very short synchronization periodicity would result in higher energy consumption at the base stations and may also translate to larger overhead of the synchronization resources. Our companion contribution [2] discusses the synchronization periodicity, where we propose X=5 msec.  
5. 	Conclusion
This contribution has discussed the bandwidth, numerology and multiplexing of unified synchronization signals across NR frequency bands. More specifically, the following proposals and observation are made:
Proposal 1: RAN1 considers design requirements for synchronization signals summarized in Table 1.
Table 1: Synchronization signal design requirements
	Aspects
	Below 6GHz Requirements
	Above 6GHz Requirements

	Use cases
	· Initial access
· Mobility/RRM
· Beam tracking (specially for above 6GHz bands)
· Frequency tracking for narrow band mode

	Synchronization signal frequency raster
	The larger synchronization signal frequency raster, the lower initial access latency. Furthermore, the synchronization raster should allow synchronization signal sub-carriers to be aligned with subcarriers of data/control channels (discussed in [1])

	Initial access vs. mobility synchronization signals
	· Periodicity is the same for both initial access and mobility SS
· Waveform is the same for both initial access and mobility SS
· SS block may not always contain PBCH e.g., measurement RS (MRS) may be in the locations of PBCH instead (Section 4.1). MRS is for beam tracking and measurement [5]

	Time footprint
	· SS block should fit into slots of different numerologies up to 60kHz slot
· SS block should not overlap with uplink common burst (ULCB) and downlink common burst (DLCB) for simple implementation and desired L1 latency e.g., 250us.
· SS block should not overlap ULCB for not blocking uplink transmission.
· Theoretically it is possible to use DLCB for SS block but it is much cleaner not to touch DLCB for smooth common control RS processing and PDCCH processing. In particular, if SS block overlaps with DLCB, UE has to adjust PDCCH search space for the slots containing SS block.

	Synchronization signal bandwidth (MHz)
	Less than 5MHz
	Less than 40MHz



Proposal 2: The bandwidth, numerology and frequency raster for synchronization signals are proposed as follows.
	Parameter
	Band Category A
	Band Category B

	Minimum carrier bandwidth (MHz)
	5
	80

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	Sub-carrier spacing (kHz)
	30
	240



Proposal 3: Synchronization signals and physical broadcast channel (PBCH) are time-multiplexed. In particular, the multiplexing ordering is PBCH, PSS, SSS and PBCH. Furthermore, the two PBCH symbols within a SS block are identical.
Observation: The number of SS blocks within a SS burst may be band-dependent. 
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