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1. Introduction
In the conclusions on the work plan for NR, NR-SS, NR-PBCH, transmission scheme, DMRS design, time index indication signalling, content and corresponding payload, channel coding, and mapping of NR-PBCH to SS blocks within NR-PBCH TTI all need to be finalized in RAN1#89. In this contribution, the main interest is to address NR-PBCH DMRS design and the time index indication method, which is highly related to SS block and SS burst set. The relevant agreements of RAN1#88b on both NR-SS and NR-PBCH are archived as follows [1]:
	Agreements:
· PSS sequence length: 127
· PSS will be mapped to consecutive 127 subcarriers
· SSS sequence length: 127
· PBCH BW: 288 subcarriers, 2 OFDM symbols
· Time index indication: PBCH conditioned that mobility and HO related requirements can be met
· PBCH phase reference: DMRS
· PBCH TTI: 80 msec
· SS burst set periodicity default value for initial cell selection: 20/20 msec
Agreements:
· Same set of configuration values for SS periodicity for CONNECTED/IDLE & non-standalone cases
· Values for configuration set for CONNECTED/IDLE & non-standalone case
· {5, 10, 20, 40, 80, 160} ms
· FFS: how the at least a part of SFN is indicated in PBCH in relation to PBCH TTI
Agreements:
· The considered maximum number of SS-blocks, L, within SS burst set for different frequency ranges are
· For frequency range up to 3 GHz, the maximum number of SS-blocks, L,  within SS burst set is [1, 2, 4]
· For frequency range from 3GHz to 6 GHz, the maximum number of SS-blocks, L,  within SS burst set is [4, 8]
· For frequency range from 6 GHz to 52.6 GHz, the maximum number of SS-blocks, L,  within SS burst set is [64]


2. NR-PBCH design
2.1 Problem of time index indication
According to the agreements in #88b, PBCH will be used for time index indication if there is no problem to meet the requirements of mobility. Following what has been specified in LTE, cell search and measurement would be necessary steps in the NR mobility procedures for a UE in RRC IDLE mode, RRC connected mode, or in RRC inactive mode (FFS). Taking measurements for example, CRS/CSI-RS-based measurement could be done without decoding PBCH once frame timing is achieved by SSS detection. But in NR, frame timing is associated with SS burst set timing, which can be derived from SSB time index information. For example, if the default periodicity of SS burst is 20ms as shown in Figure 1, SS burst set timing and frame timing could be derived subsequently by indicating the SS block time index of each SS block transmitted. In addition it is highly desirable to be able to to associated measurements with the relevant time index. Therefore, obtaining the SSB’s time index can be considered as a prerequisite for RSRP measurement, for example, SS-RSRP, or CSI-RS RSRP. 


Figure 1: Example of SS burst set transmission within a PBCH TTI
From the UE implementation point of view, it is difficult to obtain the SSB’s time index from PBCH during mobility related procedures because of two causes:
1. PBCH’s TTI is defined as 80ms. Suppose that MIB information cannot be changed in 80ms duration. In this case, SSB time index information with the PBC TTI only can be carried by PBCH in an implicit way, such as scrambling code phases and/or CRC masks. Assume the SS burst set periodicity is configured to be 20ms and the number of SSB is 64 in one SS burst set. Then, as a worst case, the UE would be required to attempt blind decoding for every possible hypothesis for the starting position of the SS burst set. This is a significant blind decoding load compared to LTE for example. If PBCHs for multiple cells have to be decoded in neighboring cell search procedure, it presents a huge challenge to UE’s implementation and power consumption. Therefore it would be highly desirable to be able to derive time index from PBCH without decoding the MIB.
2. During UE’s cell search procedure, it is necessary to filter out the signals out of SS band in order to assure capturing of PSS signal. For a 20ms SS burst set, in order to detect multiple neighboring cells with time-constrained request from measurement, buffering 20ms or so samples around SS band only would ease relevant signal processing in UE. At the UE side in LTE system, once measurement timing is obtained, RSRP is able to directly be measured in frequency domain through narrow band FFT over buffering samples. But as NR’s agreement, bandwidth of NR-PSS and NR-SSS is 127 subcarrier (adding virtual subcarrier, SS band is about 12RB), whereas bandwidth of PBCH is 288 subcarriers (24 RB). Typically a band-pass or base-band low pass filter for SS band would include only about half of the PBCH signal, as shown in Figure 2. It means than in this case SSB’s time index cannot be detected if it is carried by MIB information, in which case, assuming that the relevant SSB index is needed to identify the SSB(s) used to measure, RSRPs of neighbour cells cannot be derived directly from observation of a 20ms window within the SS band. Then RSRPs would have to be measured at the next PBCH instance, using a wider receiver bandwidth. This processing scheme, i.e., cell search in one SS burst set, then PBCH decoding and RRM measurement at another SS burst set, results in more complicated processing time-line and much higher processing complexity. Therefore, it’s beneficial to not indicate the SSB time index by using MIB information. 
Observation 1: In terms of complexity of UE implementation, using the MIB information to indicate SSB’s time index is not a feasible method in NR.
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Figure 2: NR-SS and NR-PBCH
Alternatively, as agreed in the previous RAN1 meeting, SSS should not be used for time index indication. The SSS sequence is dedicated to identification of the Cell ID. Introducing time index indication into SSS is not good for PCI planning and it might be necessary to exceed the agreed SSS capability of supporting 1000 hypotheses. 
Under this situation, from Figure 2, it seems that using DMRS of PBCH is the only viable choice for SSB’s time index indication.
Proposal 1: Using NR-PBCH DMRS within the SS bandwidth to indicate the SS block time index should be supported in NR
Consequently, how to indicated time index of SS block need to be considered in the design of NR-PBCH DMRS.

2.2 NR-PBCH DMRS design
The design of NR-PBCH is discussed from following aspects:
1. self-contained DMRS
According to agreements in RAN1#88b, there will be various SS configuration sets for CONNECTED/IDLE modes and non-standalone cases, and SSB on-off is supported. To meet such kinds of SS flexibility, self-contained DMRS is the straight forward choice for RS pattern.
2. single port
As working assumption of RAN1#88b, for NR-PBCH transmission, NR supports a single antenna port based transmission scheme only. For each SS block, we prefer a same single antenna port for NR-PSS, NR-SSS and NR-PBCH. It will ease the estimation of frequency offset which usually needs two consecutive symbols. Meanwhile, same port transmission of NR-PSS, NR-SSS and NR-PBCH will increase number of demodulation RS naturally, which means that PSS could be used as demodulation RS for NR-SSS under suitable PCI planning, and NR-SSS could be as partial DMRS for PBCH demodulation. 
3. RS density
Accuracy of channel estimation is important to decide RS density. Basically, RS density of DL RS in LTE could be taken as a reference, for example, single port CRS and UE-specific RS with 1/6 and 1/4 density respectively (here, density is calculated by the RE occupied by RS in one RB and one OFDM symbol). Similarly DMRS of NR-PBCH could be designed with same density as CRS or UE-specific RS, either 1/6 or 1/4.
In NR, on the other hand, PBCH payload size will be increased. If only 2-symbol PBCH is defined in NR, number of DMRS RE tends to be the smaller the better. As already mentioned in section 2.1 time index indication should be also carried in NR-PBCH DMRS. Therefore, NR-PBCH DMRS in SS band should be capable for distinguish of up to 64 SSB’s time index. To achieve that, a longer DMRS sequence will give better performance for time index detection. In the SS band, there are about 12 RB if virtual subcarriers around the 127 SS subcarriers are included. With 1/4 RS density or 1/6 RS density, there are 72 DMRS REs or 48 DMRS REs respectively. Comparatively, 1/6 RS seems a better trade off in terms of increasing capacity for PBCH payload and secure identification of time index. In addition, in order to combat frequency offset, DMRS pairs with 2 consecutive DMRS RE could be used. An example of above design is shown in Figure 2.
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Figure 2: DMRS pattern
4. Position division
With 1/6 RS density, there are 24 DMRS pairs in the SS band (12 RB), which means it is difficult to indicate 64 time indices. Therefore, using position division to help the indication of time index is a potential solution, considering there are 6 RE position sets with 1/6 RS density as shown in Figure 3. Specifically, we could use a different positon set to indicate a different time index or a different time index set. In a single beam scenario, there might be only 4 time indices at most, in which case, 4 position sets is enough to distinguish all the SSB’s time indices. In a multi-beam scenario, the number of time indices is up to 64, in which case, we could divide 64 time indices into 4 time index sets. One position set is only used to indicate 16 time indices in one time index set, and which of 16 time indices in the time index set is transmitted could be indicated by the method to be discussed later. If using 6-bits of information to denote one of 64 time indices, it means that some of the  bits are indicated by the position set and remaining bits need to be indicated by other means.
Proposal 2: In NR, SSB’s time index could be fully or partially indicated by the position of NR-PBCH DMRS RE.
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Figure 3: Position division of DMRS

5. Time index indication
One way to indicate information bits of the SSB’s time index is to use TSS or TSCH as mentioned in [1]. For example, we could use simple repetition channel coding and QPSK modulation to deal with these bits. For 48-REs in 24 DMRS pairs, 1/24 coding rate could be considered. After modulation, a QPSK symbols is mapped to its DMRS RE position set.
Another alternative is to add cover code to the DMRS of each position set, in order to keep a unified DMRS design for both single beam and multi-beam, If 16 time indices in one position set need to be indicated, we could use length-16 OCC sequences and multiply it the primitive DMRS in center 8 RBs, as shown in Figure 4.
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Figure 4: Add OCC to DMRS
All “1” sequence is included in OCC set, which make time index indication for single beam being a special case of multi-beam. Phase rotation in channel response coefficients would degrade the performance of OCC detection. Through conjugate processing over 2 DMRS in one pair, its impact will be eliminated. In order to reduce error detection rate of time index, multi-SSB combining processing is supported. Numerical ordering of successive SSBs could be used to enhance detection performance for this combining processing
Proposal 3: NR should support applying OCC to NR-PBCH DMRS to partially or fully indicate the SSB time index.
We give an example of this OCC identification method in the Appendix, where the detection metric could be reused as SS-RSRP directly.
2.3 SFN indication
According to the agreements in the last meeting, PBCH TTI is 80ms, and the set of configuration values for SS burst set periodicity under consideration for RAN1 are {5, 10, 20, 40, 80, and 160} ms. Considering the configurable SS burst set periodicity, how the at least a part of SFN is indicated in PBCH in relation to PBCH TTI need to be further studied. Here we assume that PBCH is fully decoded in order to derive the SFN.
If the PBCH payload cannot change within a PBCH TTI, the number of MSBs of SFN it carries should be determined based on upper boundary value of SFN and PBCH TTI. That is, assuming 1024 radio frame SFN periodicity like in LTE, the PBCH payload should carry 7 MSBs of SFN, assuming that that PBCH TTI is 80ms and radio frame is 10ms. Then the residual 3 LSBs of the SFN need to be determined in other ways. Among them, one straightforward method is to determine the start of the PBCH TTI. This could be done by blind decoding andextending the number of scrambling versions of PBCH to 8, i.e. the PBCH in each frame using different scrambling code. Thus it requires at most 8 times blind decoding to obtain the 3 LSBs of SFN for each PBCH. 
However, the complexity of PBCH decoding is pretty high in the case of same PBCH payload in a PBCH TTI, which has been observed in [2]. If SSB index also needs to be indicated implicitly by PBCH and assuming the periodicity of SS burst set is 20ms and the number of SSB in an SS burst set is 64, when the index and SFN are indicated independently, at most 512 (8*64) times blind decoding need to be done to derive SSB index and SFN, which is much higher than 12 times in LTE. 
Therefore, in order to reduce complexity of PBCH decoding, at least a part of the SSB index and/or LSBs of SFN should be indicated explicitly by the PBCH payload or implicitly via PBCH DMRS as presented in [2]. Talking about SFN indication, 2 alternatives could be further discussed as follows:
Alt. 1: The number of MSBs of SFN in PBCH payload is fixed across different configuration values of SS burst set periodicity and determined by upper boundary value of SFN and PBCH TTI. As shown in Table 1, assuming SS burst set periodicity is 20ms, 1-bit of SFN information could be obtained from the SSB time index, and the remaining 2-bits of SFN information could be indicated via the PBCH scrambling code. Therefore, the complexity of blind decoding can be reduced to some extent.
Table 1 Example of option 1, 10 bits SFN, PBCH TTI=80ms
	[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17]SS burst set periodicity
	5 ms
	10 ms
	20 ms
	40 ms
	80 ms
	160 ms

	Parts of SFN by PBCH payload (bits)
	7

	Part of SFN indicated by SS block index(bits)
	0
	0
	1
	2
	3
	3

	Part of SFN indicated by other methods(bits)
	3
	3
	2
	1
	0
	0


Not that frame boundary may be indicated by NR-SSS, especially when the SS burst set periodicity is 5ms.
Alt. 2: Here we assume that the information in the PBCH payload can change within the PBCH TTI duration and the number of MSBs of SFN in the PBCH payload is adaptive for different configuration values of SS burst set periodicity. As shown in Table 2, the SSB index is reused for SFN indication as much as possible, then the PBCH payload carries the remaining MSBs of SFN.
Table 1 Example of option 1, 10 bits SFN, PBCH TTI=80ms
	SS burst set periodicity
	5 ms
	10 ms
	20 ms
	40 ms
	80 ms
	160 ms

	Part of SFN indicated by SS block index(bits)
	0
	0
	1
	2
	3
	4

	Parts of SFN indicated by PBCH payload(bits)
	10
	10
	9
	8
	7
	6


The complexity of blind decoding of PBCH is be reduced as much as possible through Alt.2. However, it should be noted that the definition of PBCH TTI, i.e. whether PBCH payload information can change within a PBCH TTI, is not clear until now. If it can, Alt.2 should be supported. Otherwise, Alt. 1 should be supported.
Proposal 4: SS block index should be reused for deriving LSBs of SFN. There are 2 alternatives for SFN indication to be supported in NR:
· Alt. 1: The number of MSBs of SFN in the PBCH payload is fixed for different configuration values of SS burst set periodicity and determined by upper boundary value of SFN and PBCH TTI.
· Alt. 2: the number of MSBs of SFN in the PBCH payload is adaptive for different configuration values of SS burst set periodicity.
Proposal 5: If PBCH payload can change within a PBCH TTI, Alt.2 should be supported. Otherwise, Alt. 1 should be supported.
3. Conclusions
Observation 1: In terms of complexity of UE implementation, using the MIB information  to indicate SSB’s time index is not a feasible method in NR.
Proposal 1: Using NR-PBCH DMRS within the SS bandwidth to indicate the SS block time index of SS block should be supported in NR
Proposal 2: In NR, SSB’s time index could be fully or partially indicated by the position of NR-PBCH DMRS RE.
Proposal 3: NR should support applying OCC to NR-PBCH DMRS to partially or fully indicate the SSB time index.
Proposal 4: SS block index should be reused for deriving LSBs of SFN. There are 2 alternatives for SFN indication to be supported in NR:
· Alt. 1: The number of MSBs of SFN in the PBCH payload is fixed for different configuration values of SS burst set periodicity and determined by upper boundary value of SFN and PBCH TTI.
· Alt. 2: the number of MSBs of SFN in the PBCH payload is adaptive for different configuration values of SS burst set periodicity.
Proposal 5: If PBCH payload can change within a PBCH TTI, Alt.2 should be supported. Otherwise, Alt. 1 should be supported.
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Appendix
We give an example to show the feasibility of the OCC indication method mentioned in section 2.2.
The primitive NR-PBCH DMRS sequence is:



The length-31 Gold sequence  is defined in Section 7.2 [3]，and at least Cell ID need to be included in the generation of , but without slot number information.
As what have been mentioned, there are 24 DMRS pairs in SS band, and 16 DMRS pairs in the centre part are used to do time index indication. Other DMRS in SS band and DMRS out of SS band have no change.

A 16*16 Hadamard matrix could be used to generate orthogonal cover codes, (i=0…15), as shown in Table 1. In one DMRS pair, only one DMRS is multiplied with OCC, the other one is no changed:

, for nth symbol, kth DMRS RE in SS band, ith OCC code.

Hereis the primitive DM RS.
Table 1: a 16*16 Hadamard matrix
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The receiving signals of a DMRS pair can be formulated as:




Where, all noise and interference are denoted byor 
For each DMRS position set, using conjugate multiplication to eliminate phase rotation in channel coefficients in order to enable OCC’s orthogonal identification:


Please note that, frequency offset could be estimated by using residual 8 DMRS pairs other than these 16 DMRS pairs. And we assume it is already compensated before OCC identification.
In blind detection procedure, we have 4 position sets and 16 OCC candidates.

, p is the position set.
There will be 64 detection values and time index could be derived from the maximum one. 
In order to secure correct detection rate, peak to average metric is used: 



Time index successful detection is announced only when . This threshold is decided offline under a target correct detection rate.
Another advantage of this proposal is it supports multi-SSB combing. In beamforming procedure, time index is changed in numerical order. This feature could be used for multi-SSB joint detection. 3-SSB combining metric could be formulated as:


Once time index is detected, the metric  is can be reused as SS-RSRP directly for RRM measurement.
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