3GPP TSG RAN WG1 Meeting #87	R1-1611261
Reno, USA, November 14 - 18, 2016	

Agenda Item:	7.1.2.1
Source:	Huawei, HiSilicon
Title:	NR Primary and Secondary Synchronization Signals Design 
Document for:	Discussion and decision 

[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
For NR initial access, much progress on NR synchronization signal (NR-SS) designs was achieved in last RAN1#86bis meeting, in terms of functionality, SS structure, periodicity, transmission BW and subcarrier spacing, considering both single-beam and multi-beam cases. 
In this contribution, these issues are further discussed; our views and the proposals on the specific designs of the NR SSs are presented. 

[bookmark: _Ref129681832]NR Primary/Secondary Synchronization Signal Design 
NR-SS Functionality
In the aspect of NR-SS functionality, the following agreements were achieved in last RAN1#86bis:
· NR defines at least two types of synchronization signals 
· NR-PSS at least for initial symbol boundary synchronization to the NR cell
· FFS other functionality provided by NR-PSS, e.g., part of NR cell ID, serving as DMRS for NR-SSS, detection of subcarrier spacing
· NR-SSS for detection of NR cell ID or at least part of NR cell ID
· Number of NR cell IDs is targeted to be at least 504
· FFS: larger than that in LTE
· FFS number of NR cell IDs
· NR-SSS detection is based on the fixed time/freq. relationship with NR-PSS resource position irrespective of duplex mode and beam operation type at least within a given frequency range and CP overhead
· FFS FDM or TDM
· FFS other functionality provided by NR-SSS, e.g., demodulation of broadcast channel, RRM measurement, deriving subframe index, deriving symbol index

To minimize the standardization efforts, 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 brief background on the LTE SS design is contained in Appendix A.  There are two major criteria for SS design, which are essential 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.
Based on the abovementioned agreement that NR-SSS shall be used for detection of NR cell ID or at least part of NR cell ID, there are three possible alternatives of NR-PSS/SSS design:
· Alt 1: NR-SSS is used for detection of NR cell ID and it is unnecessary for NR-PSS to be used for jointly detecting NR cell ID.  That is the initial synchronization and NR cell search are separated for different SSs.  Only NR-PSS can be configured for non-standalone carrier to reduce the resource overhead occupied by NR-SSS. Furthermore, it is also possible to strive for different periodicities of NR-PSS and NR-SSS since it is unnecessary to perform cell search function for non-initial access UEs, i.e., a long periodicity of NR-SSS and a short periodicity of NR-PSS. Keeping the same periodicity of NR-SSS and NR-PBCH has little impact on overall access time.
· Alt 2: NR-SSS is used for detection of a part of NR cell ID and the other part of NR cell ID is carried by NR-PBCH. That is the NR cell ID is jointly detected by NR-SSS and NR-PBCH.  In this case, the initial synchronization and NR cell search are also separated for different SSs.  The decoupled NR-PSS discussed in Alt 1 can also be applied here.
· Alt 3: NR-SSS is used for detection of a part of NR cell ID and NR-PSS is used for detection of the other part of NR cell ID.  That is the NR cell ID is jointly detected by NR-PSS and NR-SSS.  Then the LTE-like design can be reused.
No matter which alternative, the number of sequences/sequence length or the number of information bits is increased if the number of NR cell IDs is larger than that in LTE, at the cost of significant increasing of detection complexity or resource overhead. In addition, although the PSS/SSS has relatively good auto-correlation and cross-correlation properties, it is not perfect.  Increasing the number of PSS/SSS sequences due to the introduction of a larger number of NR cell IDs deteriorates the synchronization detection performance, as demonstrated in [3].  
On the other hand, it was agreed that one NR cell can be associated with multiple TRPs and the SS and broadcast SI transmitted by these TRPs are associated with this NR cell ID. The coverage of the NR cell could be very large and a large number of TRPs share the same NR cell ID. Hence 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). As illustrated in [3], the scheme that all TRPs (e.g., 57) transmit the identical SS can achieve better cell search performance than the one that all TRPs transmit different SSs.  That is, an increase of the number of NR cell IDs may not be needed. Moreover, the NR cell ID could be reused as it is a logical ID, the limited 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. As a result, even no more than 504 NR cell IDs is sufficient to satisfy the flexible deployment requirement.
Proposal 1: 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, detection complexity and detection performance.
· The number of NR cell IDs should be targeted to be no more than 504.

NR-SS Structure
For NR-SS structure, the following agreements were achieved in last RAN1#86bis:
· PSS, SSS and/or PBCH can be transmitted within a ‘SS block’
· FFS: details how to compose PSS, SSS and/or PBCH
· Multiplexing other signals are not precluded within a ‘SS block’
· One or multiple ‘SS block(s)’ compose an ‘SS burst’
· FFS: Number of ‘SS block(s)’ (defined as duration of ‘SS burst’)
· FFS: whether or not ‘SS block(s)’ are consecutive
· FFS: whether or not ‘SS block(s)’ within a ‘SS burst’ are the same
· One or multiple ‘SS burst(s)’ compose a ‘SS burst set’
· FFS: Periodicity and the number of ‘SS burst’ within a SS burst set
· Number of SS bursts within a SS burst set is finite.
· FFS: Transmission instances of ‘SS burst set’ 
· E.g., periodic/aperiodic transmission of SS burst sets.

Support of a flexible number of beams and a flexible number of SS blocks
The NR synchronization signals shall support a flexible number of beams and a flexible number of SS blocks for beamformed transmission. In addition, the beam width, e.g., narrow beam or broad beam, is implementation specific. That is, the desired angular width to be covered by a TRP may be different, or the angular width per beam may be different, which may imply the total number of used beams and the beam angular width would be TRP specific. These factors will relate to how much resources are needed for SS transmission. Thus the TRP should be able to efficiently adapt the resources (i.e., number of SS blocks) for transmission of synchronization signals according to the beamforming capabilities and coverage requirements. 
An example of resource allocation for the NR synchronization signal is provided in Figure. 1. The TRP may implement the beamformed synchronization signals using P (PM) beam(s) per SS block and T (T  N) SS block(s) per SS burst, where in Figure. 1 “nominal” means the pre-defined maximum value (i.e., M and N), and “actual” means the used value at TRP (i.e., P and T) according to its beamforming capability. Note that this also includes the support of single beam transmission, e.g., when P = T = 1. The UE does not need to know the actual numbers of beams and SS blocks for decoding synchronization signals as the same synchronization and cell search procedure (e.g., sliding window) can be adopted. Upon detecting the SS from any SS block, the cell search information can be derived.
  


Figure 1. Example of flexible resource allocation for SSs where the actual SS burst of the TRP is shorter than or equal to the nominal SS burst supported by the NR system.
Moreover, the NR may support three kinds of implementations of beamforming, i.e., analog beamforming, digital beamforming and hybrid beamforming. For analog beamforming, the maximum number of concurrent beams may be limited by the number of Radio Frequency (RF) chains, e.g., typically 1 beam per SS block. In this case the number of SS blocks may be larger to achieve target spatial coverage, as indicated in Figure. 2(a). While for more advanced beamforming implementations, i.e., hybrid beamforming or digital beamforming, multiple beams can be concurrently transmitted in each SS block to achieve wider angular width, resulting in a shorter actual SS burst and therefore reduced overhead, as shown in Figure. 2(b). 


(a)


(b)
Figure 2. Example where the TRP is capable of transmitting one beam per SS block (top) and two beams per SS block (bottom), resulting in different SS burst lengths to achieve the same coverage.
The specification impact of supporting a flexible number of beams and a flexible number of SS blocks would be that the maximum number of SS blocks N per SS burst, as well as the maximum number beams P per SS block, is pre-defined. The pre-defined maximum number of beams per block will facilitate beam resource labeling. The pre-defined maximum number of SS blocks per burst will be given at least for achieving the spatial coverage using angular beamforming. These values can be frequency range specific, e.g., a lower value for below 6GHz and a higher value for above 6GHz. The advantages of NR supporting a flexible number of beams and a flexible number of SS blocks per SS burst would at least include:
· Support implementation of different beamforming techniques;
· Support implementation of different beam width (e.g., narrow beam or wider beam) and the number of swept beams;
· Support implementation of variable SS burst duration, which is especially helpful to exploit the concurrent beam transmission capabilities of hybrid and digital beamforming.

Proposal 2: The resource allocation for NR synchronization signals support a flexible number of beams per SS block and a flexible number of SS blocks per SS burst for a given frequency range.
· TRP uses P beam(s) per SS block, where P is any value of [1, M], and M is pre-defined.
· TRP uses T SS blocks per SS burst, where T is any value of [1, N], and N is pre-defined.   

Frame timing
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 in NR, the multiple resource locations for beam sweeping over multiple ‘SS blocks’ or ‘SS bursts’  may lead to the ambiguity of the frame timing. This timing ambiguity problem is illustrated in the example shown in Figure 1, where a basic SS block comprises the PSS, SSS and PBCH. The signal within one SS block can be transmitted in the same beam direction. Multiple SS blocks corresponding to different beams aggregate to one SS burst.The multiple synchronization signals within one SS burst may span multiple subframes as shown in Figure 1. In this example, if the same SS sequence is transmitted in all beams within one SS burst, the UE cannot unambiguously determine the symbol position of the detected SS within the radio frame. 
 


Figure 3.	Frame timing ambiguity in NR
To address the frame timing ambiguity in NR, the UE need to 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 NR-PBCH signaling, while implicit indication can be through the use of different frequency offset between the NR-SSS and NR-PSS when the NR-SSS and NR-PSS are FDMed or different NR-SSS sequences over the respective ‘SS blocks’ or ‘SS bursts’. These are just some examples of both explicit and implicit methods. 
On one hand, if both subframe index and symbol index are carried through PBCH, the content for each PBCH with different beam are different. Then, it is impossible to perform the soft combination of the PBCH transmitted at different resource to enhance the PBCH detection performance.  In LTE, it allows the soft combination of the PBCH transmitted in consecutive four frames to boost the receiving performance of PBCH. Analogous to LTE, in the NR, the PBCH combination should also be supported especially for UE located in the middle of two different beams. 
On the other hand, if one solely relies on synchronization signal to carry both the subframe index and symbol index, it will have to define a great number of synchronization signal resources to identify the frame timing. The blind detection complexity and power consumption of UE will increase significantly. 
Thus, we think that indicating the subframe index through PBCH and indicating the symbol index within one subframe via other synchronization signals or certain implicit indication methods can achieve a good tradeoff between UE’s detection complexity and the performance gain for PBCH combination. An example is shown in Figure 4, where the PBCH is used indicate the subframe index (e.g., S1 and S2), and different SS sequences are adopted to identify the symbol indexes in each sub-frame. The synchronization signal with the same symbol position in different sub-frames should have the same sequence.


Figure 4.Frame timing through hybrid indication of PBCH and SS
[bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK84]Proposal 3: 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.

NR-SS Periodicity
In terms of NR-SS periodicity, the following agreements were achieved in last RAN1#86bis:
· From RAN1 specification perspective, NR air interface defines at least one periodicity of SS burst set
· FFS: whether or not to define common periodicity range for SS burst set across NR carriers
· Values of the periodicities of SS burst set is for further study
· E.g., 5ms, 40ms, 100ms
· The lowest value of the periodicity of SS burst set is X ms, e.g., 5ms, 40ms, 80ms 
· Note: Interval of SS burst can be the same as interval of SS burst set in some cases, e.g., single beam operation
· Note: the main bullet can be applied to PSS, SSS and/or PBCH
· FFS: networks is allowed to transmit SS burst set at least at the defined periodicities
· FFS: UE is allowed or informed to adapt acquisition procedure based on periodicities of SS burst set
· FFS: For example, if multiple periodicities of SS burst set are defined for initial blind acquisition, UE assumes X ms of an NR carrier as periodicity of SS burst set for dwell time on a freq


Figure 5.Periodicity for two types of SS burst
To achieve a good tradeoff between the resource overhead and synchronization latency, on demand and adaptive transmission for common control channels should be supported. We propose to define two types of SS burst and separate periodicity configuration for the two types of SS burst.  For simplicity purpose, we just consider the SSs within the SS bust, but the PBCH is not precluded, as shown in Figure 5. Type I SS burst is used to guarantee the minimum requirement for synchronization, e.g., for idle UE. Thus the periodicity for type I SS burst can be configured with relatively long periodicity. This periodicity can be fixed. In contrast to it, type II SS burst can support adaptive SS periodicity adjustment based on UE’s response to type I SS burst. For instance, the TRP can determine the beam on/off based on UE’s response and the existence of the SS associated with different beam direction. Furthermore, the TRP can also adjust the periodicity of type II SS burst based on the status of the beam on/off.  Type II SS burst can be used for inactive UEs and active UEs, which have accessed to the network.
Proposal 4: NR should support two types of SS bursts with different periodicities. Type I SS burst is predefined with a relatively long periodicity and Type II SS burst is configurable with shorter periodicity.

NR-SS Subcarrier Spacing and Transmission Bandwidth
The following agreements and working assumptions were made at RAN1#86bis:
· At least one subcarrier spacing for each synchronization signal (e.g. NR PSS,SSS, PBCH) is predefined in the specification for a given frequency range
· FFS: Subcarrier spacings for NR PSS, SSS and PBCH can be same or different.
· Note that there are more than one frequency ranges
· FFS: for the case when the frequency ranges are overlapped.
· FFS: whether or not to define a single numerology or multiple numerology for frequency range
· RAN1 should study the number of subcarrier spacings in a given frequency range and strive for minimizing the number of subcarrier spacings

Working assumption:
· Wider transmission bandwidth for NR-PSS/SSS and/or PBCH than that for LTE-PSS/SSS/PBCH is supported at least for a subcarrier spacing larger than 15kHz
· Below 6 GHz, transmission bandwidth containing NR-PSS/SSS/PBCH is not more than [5 or 20] MHz
· Below 40 GHz, transmission bandwidth containing NR-PSS/SSS/PBCH is not more than [40 or 80] MHz

The subcarrier spacing used for NR-PSS is discussed in [4], where NR-PSS is defined using a 15 kHz or a scaled subcarrier spacing with X-time repetition waveform, which maintains orthogonality even if different subcarrier spacing is used for other multiplexed signals. The repetition factor is related to the subcarrier spacing pre-defined for the synchronization signals. For example, we have 2 frequency ranges for sub 6 GHz (e.g., around 2 GHz and around 4 GHz). For 2 GHz frequency range, subcarrier spacings of 15 kHz and 30 kHz are supported. For 4 GHz frequency range, subcarrier spacing of 30 kHz and 60 kHz are supported. Since SS is transmitted using a pre-defined SC spacing for a given range (say 15 kHz for 2GHz, 30 kHz for 4GHz), the SS is defined using 15 kHz and 30 kHz in the respective frequency range. However, a common SS with 2-repetition can be used for the 2 frequency ranges. The UE uses the same receiver structure for these 2 frequency ranges for the purpose of SS detection. The repetition factor X is the ratio of two subcarrier spacing values defined for synchronization signals. 
The concept can be used for other signals like NR-SSS and NR-PBCH, i.e., the subcarriers mapped by NR-PSS/SSS/PBCH is always centered on 15*X*n kHz. 
The NR-PSS and NR-SSS sequence can be based on LTE PSS/SSS. Considering the distributed mapping with X not greater than 4 (60 kHz/15 kHz), the transmission bandwidth can be scaled to not more than 4 times of LTE, i.e., not more than 5 MHz for below 6 GHz.
Proposal 5: For frequency ranges below 6 GHz:
· Support at least 2 default subcarrier spacings, f0 and X*f0, where f0 = 15 kHz and X = 2 or 4.
· Same subcarrier spacing is used for NR-PSS/SSS/PBCH 
· The transmission bandwidth containing NR-PSS/SSS/PBCH is not more than 5MHz.

Signal design for NR-PSS/SSS
NR-PSS 
LTE PSS is designed to contain a relatively small amount of information, i.e., containing part of cell ID by 3 labeled ZC sequences, which is especially convenient for allowing low-complex implementation of the receiver, as in Appendix. The NR-PSS signal design shall take the LTE PSS as baseline.
The NR-PSS signal design may further consider the frequency locations not only at the cell center and multiple subcarrier spacing capable carrier, which are discussed in our companion papers [4][5].We propose that NR-PSS sequence should be symmetric for low-complex detection, by using an odd length ZC sequence while puncturing the centre element even the signal is not mapped around the DC subcarrier. In additional, we propose that an X-repetition waveform is always used for PSS to maintain orthogonality even different subcarrier spacing is used for other multiplexed signals.
NR-SSS
LTE SSS was seen as a good compromise between performance and complexity, see Appendix A. Therefore the NR-SSS signal design shall take the LTE SSS as baseline.
The NR-SSS signal design may further consider additional functionalities, such as the support of flexible beamformed synchronization signals. Therefore the SS block index and beam resource index may be indicated by NR-SSS. The resource labeling may help the UE to derive the correction beam information and use it for uplink channel association (e.g., PRACH resource), which may further help the network to use the correct beam direction for downlink transmission. 
Alt 1: One straightforward way is to introduce a separate NR-SSS signal, NR-SSS2, to contain the additional information, where NR-SSS2 reuses the same set of sequences defined for NR-SSS1, as given in Figure 6. This would mean there are 336 states for NR-SSS2 at maximum to indicate the resource index and the SS block index, if the LTE-SSS sequences are reused. The LTE-like receiver for SSS can be reused for cell ID detection and also for SS block index and beam ID detection.

 
Figure 6. An SS block, where NR-SSS is composed of NR-SSS1 for cell ID and NR-SSS2 using the same set of sequence of NR-SSS1 for additional information
Alt 2: Another method is to use different frequency offset between NR-PSS and NR-SSS under the assumption of FDM of NR-PSS and NR-SSS, as shown in Figure 7.  Thus it is unnecessary to introduce additional sequence.


Figure 7. Acquiring the SS block index/resource index through frequency offset between NR-PSS and NR-SSS.
Proposal 6: The NR PSS/SSS signal design takes the LTE PSS/SSS as baseline.
· NR-PSS is symmetric and time-repetitive.
· NR-SSS provides cell ID information and additional resource information such as the SSS block index and the beam resource index for a SS block.

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 number of supported NR cell IDs should be determined considering deployments where the TRPs can utilize the same NR cell ID within the cell, detection complexity and detection performance.
· The number of NR cell IDs should be targeted to be no more than 504.
Proposal 2: The resource allocation for NR synchronization signals support a flexible number of beams per SS block and a flexible number of SS blocks per SS burst for a given frequency range.
· TRP uses P beam(s) per SS block, where P is any value of [1, M], and M is pre-defined.
· TRP uses T SS blocks per SS burst, where T is any value of [1, N], and N is pre-defined.  
Proposal 3: 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.
Proposal 4: NR should support two types of SS bursts with different periodicities. Type I SS burst is predefined with a relatively long periodicity and Type II SS burst is configurable with shorter periodicity.
Proposal 5: For frequency ranges below 6 GHz:
· Support at least 2 default subcarrier spacings, f0 and X*f0, where f0 = 15 kHz and X = 2 or 4.
· Same subcarrier spacing is used for NR-PSS/SSS/PBCH 
· The transmission bandwidth containing NR-PSS/SSS/PBCH is not more than 5MHz.
Proposal 6: The NR PSS/SSS signal design takes the LTE PSS/SSS as baseline.
· NR-PSS is symmetric and time-repetitive.
· NR-SSS provides cell ID information and additional resource information such as the SSS block index and the beam resource index for a SS block.
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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[footnoteRef:1]. 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. [1:  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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