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1. Introduction
At the RAN1#89 meeting, there was an extensive discussion on SS block index indication mechanisms, but RAN1 could not reach a consensus. Instead, RAN1 agreed to discuss and evaluate on NR-PBCH design aspects including not only SS block index indication but also NR-PBCH RE mapping, PBCH-DMRS RE mapping/density, SS block composition and SFN indication until RAN1 NR Ad-hoc#2 meeting as below [1]. In addition, RAN1 also discussed on possible timing information in NR-PBCH payload.
	Agreements:
· Down select from following alternatives based on further evaluation/analysis in the next meeting

· Alt. 1: NR-PBCH coded bits are mapped across REs in N PBCH symbols, where N is the number of PBCH symbols in a NR-SS block

· Alt. 2: NR-PBCH coded bits are mapped across REs in a PBCH symbol, the NR-PBCH symbol is copied to N-1 NR-PBCH symbol in a NR-SS block
· Other Alternatives are not precluded

· Note that all proponents need to provide their own proposal until 26th May
· For evaluation purposes, followings should be considered

· Channel coding 

· Rate matching 

· Accuracy of CFO estimation

· DMRS RE mapping
· Channel estimation performance

· NR-PBCH one to four shot(s) performance within 80 msec

· Complexity of NR-PSS/SSS/NR-PBCH decoding and mobility measurement

· Reliability of time index

· All proponents need to provide followings until 2nd June to achieve further evaluation/analysis – Asbjorn (Ericsson)

· NR-PBCH RE mapping

· SS-block composition

· SS-block time index indication

· SFN indication

· DMRS RE mapping

· PBCH payload size

· PBCH channel coding scheme (all proponents need to follow the latest agreements/WAs in channel coding session) 

· Note that all decisions of channel coding scheme should be done in channel coding session/agenda

· Receiver algorithms
Agreements:
· Following contents are carried in NR-MIB

· (Part of) SFN: [7 - 10] bits

· At least 80 ms granularity

· FFS: indication within 80 ms

· [H-SFN: 10 bits]

· RAN1 will ask RAN2

· Timing information within radio frame: [0 - 7] bits

· E.g., SS block time index: [0 - 6] bits

· E.g., half radio frame timing: [0 - 1] bit

· RMSI scheduling information: [x] bits

· CORESET(s) information: [x] bits

· Simplified information of CORESET(s) compared to CORESET(s) information for UE-specific configuration is considered

· E.g., Time/frequency resource configuration of CORESET(s)

· [Numerology of RMSI: [0 - 2] bits]

· [Information regarding frequency resources for PDSCH scheduling: [x] bits]

· [Information regarding bandwidth part: [x] bits]

· [Information for quick identification that there is no corresponding RMSI to the PBCH: [0 - 1] bit]
·  [Information for quick identification that UE can not camp on the cell: [0-1] bit]

· RAN1 will ask RAN2

· [SS burst set periodicity: [0 - 3] bits]

· [Information on actual transmitted SS block(s): [0 - x] bits]

· [Area ID: x bits]

· RAN1 will ask RAN2

· [Value tag: x bits]

· RAN1 will ask RAN2

· [cell ID extension: x bits]

· RAN1 will ask RAN2

· [Information on tracking RS: x bits]

· Reserved bits: [x > 0] bits

· CRC size for NR-MIB is [16 + y] bits



In this contribution, we discuss further on SS block based timing indication including the SS block index indication and SFN indication.

2. Timing indication based on SS block
RAN1 agreed that UE shall be able to identify at least OFDM symbol index, slot index in a radio frame and radio frame number from an SS block. In addition, RAN1 also agreed that a single set of possible SS block time locations is specified per frequency band and within 5 ms duration. Therefore, SS block index can represent exact time domain information such as OFDM symbol/slot index within 5 ms SS burst set duration i.e., within a half radio frame. RAN1 also agreed that SS block time index is indicated by NR-PBCH if mobility and handover related requirements can be met. However, RAN1 has not reached consensus on detailed SS block time index indication mechanism yet, and following options have been discussed.
· Option 1: Explicit indication in NR-PBCH, i.e., SS block index is included in NR-PBCH payload

· Option 2: Implicit indication based on NR-PBCH, e.g., cyclic shift of Polar codewords or phase relationship between two NR-PBCH symbols within a SS block
· Option 3: Implicit indication based on PBCH-DMRS, e.g., sequence pattern and/or resource mapping

· Option 4: Combination of above options
Since SS block index can represent exact time domain information only within 5 ms duration, SFN indication and half radio frame timing indication also need to be provided in SS block for frame timing synchronization to the NR cell. In LTE, 1 bit half radio frame timing indication is based on SSS and 10 bits SFN indication is based on the combination between 8 bits explicit indication in PBCH and 2 bits implicit indication based on PBCH scrambling phase. In NR, for SFN indication and half radio frame timing indication, explicit indication in NR-PBCH, implicit indication e.g., based on NR-PBCH scrambling or PBCH-DMRS sequence, and combination of explicit and implicit indications can be considered. 
Observation 1: For frame timing synchronization to the NR cell, following timing indications need to be provided in SS block.

· SS block index indication for symbol/slot timing identification within 5 ms SS burst set duration

· Half radio frame timing indication for half radio frame timing identification within a radio frame

· SFN indication for radio frame number identification

3. Discussion and evaluation on SS block index indication
As discussed in Section 2, there are multiple options for SS block index indication. Option 1 i.e., explicit indication in NR-PBCH is clear while other options are still not clear. So in this section, we discuss on details of other options and compare them with Option 1.

Regarding Option 2 i.e., implicit indication based on NR-PBCH, possible benefit compared with Option 1 is that Option 2 does not require explicit bits in NR-PBCH so that PBCH payload size can be saved. However, Option 2 would require blind detection of SS block index during NR-PBCH decoding, i.e., UE would need to decode NR-PBCH even in Option 2. In addition, NR-PBCH decoding procedure in UE implementation may become complex due to such blind detection of SS block index. Therefore, we think Option 2 and combination of Option 2 with other option are not preferable.

Regarding Option 3 i.e., implicit indication based on PBCH-DMRS, it can avoid both increase of PBCH payload size and complex NR-PBCH decoding process. As discussed in our companion contribution [2], we think that LTE pseudo random sequence defined for DL reference signal such as CRS can be considered as baseline for NR PBCH-DMRS sequence for further investigation. By using PBCH-DMRS sequence based on LTE pseudo-random sequence generator, we can consider several possible schemes for implicit indication, e.g. for SS block time index indication. Since it would be possible to generate a large number of sequences e.g., >1000 based on such pseudo random sequence generator, we can consider sequence-based indication as follows.
· Option 3-1: Implicit indication based on PBCH-DMRS sequence pattern
In this scheme, PBCH-DMRS sequence is generated with a certain initial register condition, which is associated with implicit information (i.e. SS block time index) in addiction to NR cell ID. Before NR-PBCH demodulation, UE first performs correlation detection of PBCH-DMRS sequence pattern by assuming all the possible PBCH-DMRS sequence, and then implicit information can be detected and PBCH-DMRS can be used for NR-PBCH demodulation i.e., channel estimation.
As another option for implicit indication by using PBCH-DMRS, we can consider indication mechanism based on sequence to RE mapping as follows.

· Option 3-2: Implicit indication based on PBCH-DMRS RE mapping pattern (i.e., PBCH-DMRS RE location)
The generated PBCH-DMRS sequence is mapped to REs in NR-PBCH bandwidth with equal or unequal interval. For example, assuming 3 REs per PRB per symbol with equal interval for PBCH-DMRS, PBCH-DMRS sequence {r(0), r(1), r(2), … ,r(71)} can be mapped to set of subcarriers {RE(0), RE(4), RE(8), …, RE(284)}within 24 PRBs. In this scheme, according to implicit information (i.e., SS block time index), the set of subcarriers for PBCH-DMRS mapping can be cyclic-shifted as shown in Figure 1. In the same manner with Option 3-1, UE performs correlation detection of PBCH-DMRS by assuming all the possible RE mapping patterns, and then implicit information can be detected based on predefined association between RE mapping patterns and implicit information. 
Possible drawback of Option 3-1 and 3-2 is UE blind detection effort for PBCH-DMRS sequence or RE mapping identification. This blind detection effort would be proportional to number of hypotheses i.e., size of implicit information. To save the UE blind detection effort, the size of implicit information for this option should be limited.

For Option 4 i.e., combination of explicit and implicit indications, we can consider that a part of SS block index information is explicitly carried in NR-PBCH while remaining part of SS block index information is implicitly indicated by either Option 3-1 or 3-2. This option can save the UE blind detection effort for PBCH-DMRS sequence or RE mapping identification, and can also save the increase of NR-PBCH payload size. In addition, this option can be considered as combination of SS block index indication within SS burst and SS burst index indication  within SS burst set as shown in Figure 2. Although total number of required bits for timing indication within 5 ms SS burst set duration is not changed, NR-PBCH within same SS burst may be able to carry exact the same contents and hence we can expect some possible benefits, e.g. easier implementation for soft combining of NR-PBCH within SS burst to improve detection performance and phase tracking for additional frequency offset compensation. Possible concern on this option is that if detection performance and delay for explicit part (Option 1) and implicit part (Option 3) of SS block index identification are different, total SS block index identification performance and delay would be determined by either Option 1 or Option 3 which shows worse performance.
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Figure 1: Implicit indication scheme by using different resource mapping (Scheme 2)
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Figure 2: Example of SS block indexing per SS burst and SS burst indexing per SS burst set
Here we perform link-level evaluation on the indication schemes as discussed above. In the evaluation, we assume that PBCH-DMRS sequence is based on LTE pseudo-random sequence as example. As well as LTE CRS, the PBCH-DMRS sequence is defined as 
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where the pseudo-random sequence c(n) is generated as follows.
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In Option 3-1, we assume that initial register condition for x1 is fixed as in LTE and that for x2 such as 
[image: image5.wmf]init
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 is simply associated with NR cell ID and SS block index as in the following equation 
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where NR cell ID = 0, 1, … 1007. On the other hand, in Option 3-2, PBCH-DMRS sequence is generated based only on NR cell ID, and the pattern of sequence to RE mapping is cyclic-shifted in frequency domain based on SS block index. The number of shifted subcarriers is the same as SS block time index value. In addition, the general simulation assumptions are described in Annex A. 
Table I shows the misdetection probability of implicit indication based on Option 3-1 and 3-2. To observe the impact on imperfect orthogonality of DMRS sequences between different cells, 2 interfering TRxPs are assumed where SIR of 1st interfering TRxP and 2nd interfering TRxP are 0 dB and -3 dB, respectively. The assumed target SINR is -7.4 dB, which is corresponding to the case when received SNR is -6 dB and 2 interfering TRxPs exist with SIR = 0, -3 dB. Based on results shown in Table I, we can observe that two implicit indication schemes as discussed above provide almost the same one-shot misdetection probability, which is around 8-20%. We can also observe that misdetection probability increases as number of bits for implicit indication increases. So, considering blind detection effort as discussed above and also performance, number of bits for implicit indication should be limited e.g., to 2 or 3.
Table I: Misdetection probability for different implicit indication schemes (SINR = -7.4dB)
	Indication scheme
	Number of bits for

implicit indication [bit]
	Number of DMRS REs
	Misdetection

probability

	Option 3-1
	3
	72

(3 REs per PRB in 1 symbol)
	0.19

	
	2
	
	0.15

	
	1
	
	0.09

	Option 3-2
	3
	
	0.20

	
	2
	
	0.15

	
	1
	
	0.08


By the way, as shown in Figure B-1 (a) in Annex B and our companion contribution [3], we can observe that one-shot NR-PBCH BLER performance (i.e., misdetection performance of Option 1) with 2 symbols PBCH within a SS block is around 29-40% at SNR = -7.4 dB for NR-PBCH payload size of 48-64. To improve the one-shot performance of Option 1, it is beneficial to increase the number of symbols for NR-PBCH within a SS block to three symbols. Figure B-1 (b) shows that NR-PBCH BLER performance with 3 symbols PBCH is around 4.5-10% at SNR = -7.4 dB for NR-PBCH payload size of 48-64. If delay requirements for NR-PBCH reading (i.e., SS block index identification) allows SS block index identification based on multiple shots, NR-PBCH BLER performance with 2 symbols PBCH and two shots combining can achieve almost same performance with 3 symbols PBCH and one-shot case.
Observation 2: Implicit indication of SS block index based on PBCH-DMRS sequence is feasible and beneficial in terms of following aspects.

· Both increase of PBCH payload size and complex NR-PBCH decoding process can be avoided

· Better one-shot SS block index identification performance can be achieved compared with explicit indication mechanism at least if NR-PBCH payload size is larger than 40 bits and number of NR-PBCH symbols within a SS block is two
Table II: Misdetection probability for different number of DMRS REs (SINR = -7.4dB)
	Indication scheme
	Number of bits for

implicit indication [bit]
	Number of DMRS REs
	Misdetection

probability

	Option 3-1
	3
	72 (1 symbol)
	0.19

	
	
	144 (2 symbol)
	0.10

	
	2
	72 (1 symbol)
	0.15

	
	
	144 (2 symbol)
	0.07


The performance of implicit indication mechanism based on PBCH-DMRS sequence can also be improved by using longer sequence length for SS block index identification. Table II shows the misdetection probability of implicit indication based on Option 3-1 with different number of PBCH-DMRS REs for indication. According to the results, we can observe that by using PBCH-DMRS REs on multiple symbols within a SS block, one-shot SS block index identification performance can be improved, e.g., misdetection probability is less than 10% in case of using PBCH-DMRS on two symbols for 3 bits SS block index. In this case, one-shot SS block index identification performance of Option 1 with three NR-PBCH symbols within a SS block and one-shot SS block index identification performance of Option 3-1 with PBCH-DMRS REs on two symbols are well balanced and seem reliable enough. In addition, PBCH-DMRS sequence on two symbols within a SS block carries SS block index information while PBCH-DMRS sequence on remaining one symbol within the same SS block can be determined based only on NR cell ID so that UE may be able to utilize only this PBCH-DMRS for NR-PBCH reading or verification of NR cell detection without blind detection of PBCH-DMRS sequence patterns.
Observation 3: One-shot SS block index identification performance of explicit indication with three NR-PBCH symbols within a SS block and one-shot SS block index identification performance of implicit indication based on PBCH-DMRS sequence mapped to REs on two symbols are well balanced and seem reliable enough.
Based on the discussion and evaluations above, we propose following mechanism for SS block index indication as summarized in Table III.

Proposal 1: Following mechanism is applied for SS block index indication in NR.

· For the frequency range with L=4, 2 bits SS block index information within SS burst set are implicitly indicated by using PBCH-DMRS sequence pattern on 2nd NR-PBCH symbol of two NR-PBCH symbols within a SS block.

· For the frequency range with L=8, 3 bits SS block index information within SS burst set are implicitly indicated by using PBCH-DMRS sequence pattern on 1st and/or 2nd NR-PBCH symbol of two NR-PBCH symbols within a SS block.

· Or, 2 bits SS block index information within SS burst are implicitly indicated by using PBCH-DMRS sequence pattern on 2nd NR-PBCH symbol of two NR-PBCH symbols within a SS block, and 1 bit SS burst index information within SS burst set is explicitly indicated in NR-PBCH.

· For the frequency range with L=64, 3 bits SS block index information within a SS burst are implicitly indicated by using PBCH-DMRS sequence pattern on 2nd and 3rd NR-PBCH symbol of three NR-PBCH symbols within a SS block, and 3 bits SS burst index information within SS burst set are explicitly indicated in NR-PBCH.

Table III: Summary of proposed SS block index indication mechanism
	Frequency range
	SS block index indication within a SS burst
	SS burst index indication within a SS burst set

	0-3 GHz with L = 4
	2 bits implicit indication based on PBCH-DMRS sequence of length 72
	N/A (only 1 SS burst within SS burst set)

	3-6 GHz with L = 8
	Alt.1
	3 bits implicit indication based on PBCH-DMRS sequence of length 72 or 144
	N/A (only 1 SS burst within SS burst set)

	
	Alt.2
	2 bits implicit indication based on PBCH-DMRS sequence of length 72
	1 bit explicit indication in NR-PBCH

	6-52.6 GHz with L = 64
	3 bits implicit indication based on PBCH-DMRS sequence of length 144
	3 bits explicit indication in NR-PBCH


4. Discussion on half radio frame timing indication and SFN indication
As described in Section 2, SFN indication and half radio frame timing indication also need to be provided in SS block in addition to SS block index indication for frame timing synchronization to the NR cell. In this section, detailed mechanisms for SFN indication and half radio frame timing indication are discussed.

Different from SS block index which represents not only timing information but also beam related information in multi-beam scenario, SFN and half radio frame timing are purely timing information. Therefore, at least during RRM measurement, SFN and half radio frame timing identification for neighbour cells would not be necessary. It means that reliable one-shot identification of SFN and half radio frame timing may not be required compared with that for SS block index.

On the other hand, similar to LTE, implicit indication of part of SFN such as SFN within NR-PBCH TTI (80 ms) would be beneficial in terms of easier implementation for soft combining of NR-PBCH in different SS burst sets. As in LTE PBCH, PBCH scrambling phase can be associated with the part of SFN within NR-PBCH TTI. Implicit indication of 1 bit half radio frame timing is also possible, but the soft combining of SS blocks in different SS burst set within a radio frame is only applicable to SS burst set periodicity of 5 ms, which may be rare. So, requiring UE blind detection to obtain a benefit only in such rare case does not make sense.

Based on above discussion, we propose following mechanism for half radio frame timing and SFN indication in NR.

Proposal 2: Following mechanism is applied for half radio frame timing and SFN indication in NR.

· 1 bit half radio frame timing is explicitly indicated in NR-PBCH

· 3 bits SFN within PBCH TTI of 80 ms are implicitly indicated in NR-PBCH e.g., by using PBCH scrambling phase, and remaining 7 bits SFN are explicitly indicated in NR-PBCH
5. Conclusion

In this contribution, we discussed on SS block based timing indication including the SS block index indication and SFN indication. Based on the discussion and evaluation results, we made following observations and proposals.
Observation 1: For frame timing synchronization to the NR cell, following timing indications need to be provided in SS block.

· SS block index indication for symbol/slot timing identification within 5 ms SS burst set duration

· Half radio frame timing indication for half radio frame timing identification within a radio frame

· SFN indication for radio frame number identification

Observation 2: Implicit indication of SS block index based on PBCH-DMRS sequence is feasible and beneficial in terms of following aspects.

· Both increase of PBCH payload size and complex NR-PBCH decoding process can be avoided

· Better one-shot SS block index identification performance can be achieved compared with explicit indication mechanism at least if NR-PBCH payload size is larger than 40 bits and number of NR-PBCH symbols within a SS block is two

Observation 3: One-shot SS block index identification performance of explicit indication with three NR-PBCH symbols within a SS block and one-shot SS block index identification performance of implicit indication based on PBCH-DMRS sequence mapped to REs on two symbols are well balanced and seem reliable enough.

Proposal 1: Following mechanism is applied for SS block index indication in NR.

· For the frequency range with L=4, 2 bits SS block index information within SS burst set are implicitly indicated by using PBCH-DMRS sequence pattern on 2nd NR-PBCH symbol of two NR-PBCH symbols within a SS block.

· For the frequency range with L=8, 3 bits SS block index information within SS burst set are implicitly indicated by using PBCH-DMRS sequence pattern on 1st and/or 2nd NR-PBCH symbol of two NR-PBCH symbols within a SS block.

· Or, 2 bits SS block index information within SS burst are implicitly indicated by using PBCH-DMRS sequence pattern on 2nd NR-PBCH symbol of two NR-PBCH symbols within a SS block, and 1 bit SS burst index information within SS burst set is explicitly indicated in NR-PBCH.

· For the frequency range with L=64, 3 bits SS block index information within a SS burst are implicitly indicated by using PBCH-DMRS sequence pattern on 2nd and 3rd NR-PBCH symbol of three NR-PBCH symbols within a SS block, and 3 bits SS burst index information within SS burst set are explicitly indicated in NR-PBCH.

Proposal 2: Following mechanism is applied for half radio frame timing and SFN indication in NR.

· 1 bit half radio frame timing is explicitly indicated in NR-PBCH

· 3 bits SFN within PBCH TTI of 80 ms are implicitly indicated in NR-PBCH e.g., by using PBCH scrambling phase, and remaining 7 bits SFN are explicitly indicated in NR-PBCH
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Annex A: Link-level simulation assumptions
Table A-I: Simulation assumptions for evaluation on SS block index indication
	Parameter 
	Value

	Carrier frequency
	4 GHz

	MIMO configuration
	Tx: 1 antenna port, Rx: 1 antenna port for implicit indication mechanisms

Tx: 1 antenna port, Rx: 2 antenna ports for explicit indication mechanism

	DMRS REs per PRB per symbol 
	3 REs per PRB per symbol with equal interval

	Time domain allocation
	1, 2 OFDM symbol(s) for implicit indication mechanisms
2, 3 OFDM symbols for explicit indication mechanism

	Frequency domain allocation
	24 PRBs

	Sub-carrier spacing
	30 kHz

	Channel model
	CDL-C 100 ns scaling

	UE speed
	3 km/h

	SS block composition
	Option 2 (PSS-PBCH-SSS-PBCH)

	CFO
	Gaussian distribution with  = 0.24 ppm

as described in Annex C 


Annex B: Link-level evaluation results from [3]
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Figure B-1: BLER performance of NR-PBCH with different number of PBCH symbols within a SS block
Annex C: Carrier frequency offset model
In NR-PBCH evaluation, appropriate assumption of residual carrier frequency offset (CFO) after NR-PSS/SSS detection has not been modeled yet. To observe the residual frequency offset after NR-PSS/SSS detection, we perform the link-level evaluation in the assumption as shown in Table C-I. Figure C-1 shows the CDF of residual CFO after NR-PSS/SSS detection and we also show the one of gauss distribution where standard deviation  is optimized to fit the residual CFO performance. From Figure C-1, we can observe that the residual CFO performance from simulation results approaches gauss distribution with  = 0.24 ppm. From this discussion, in this contribution, we assume the gauss distribution with  = 0.24 ppm as residual CFO model for NR-PBCH evaluation.
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Figure C-1: Residual CFO performance after NR-PSS/SSS detection
Table C-I: Link level simulation assumptions
	Carrier Frequency
	4 GHz

	Channel Model
	CDL-C 
· with delay scaling values of 100 ns for 4 GHz, 30 ns for 30 GHz
· ASD = 5 degree, ASA = 30 degree, ZSA = 5 degree, ZSD = 1 degree 

· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	Subcarrier Spacing(s)
	30 kHz

	SNR range
	Es/N0 = -6 dB

	UE speed
	3km/h

	Search window
	5 ms

	Antenna Configuration at the TRP
	(1,1,2) with omni-directional antenna element

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element

	Antenna port virtualization
	· Tx : 2 antenna ports, Rx: 1 antenna ports

· Specific antenna port virtualization is not considered on the assumption that ES/N0 includes the beamforming gain.

	Frequency Offset
	Initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 5 ppm

	Number of interfering TRPs 
	· 0 interfering TRP
· 2 interfering TRPs (1st SIR = 0dB, 2nd SIR = -3dB)
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