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1. Introduction
In RAN1#88bis meeting, NR-PBCH related agreements and working assumptions were made as follows [1]:

	Agreements:
· SS burst set periodicity default value for initial cell selection: 20/20 msec
· Note that RAN1 assumes that RAN4 will investigate requirements
· Time index indication: PBCH conditioned that mobility and HO related requirements can be met
· Note: RAN1 assumes that RAN2 will check against to RAN2 requirements
· PBCH BW: 288 subcarriers, 2 OFDM symbols (additional symbols if MIB size larger than assumed)

· PBCH phase reference: DMRS
· PBCH TTI: 80 msec
Working assumption:

· NR-PSS, NR-SSS and NR-PBCH are presented in every SS block

· FFS: deactivated cell case (if defined)

Working assumption:

· For NR-PBCH transmission, NR supports a single antenna port based transmission scheme only. 

· FFS: Same or different antenna port(s) are defined for NR-PSS, NR-SSS and NR-PBCH within an SS block

· Companies are encouraged to further evaluate NR-PBCH performance

Agreements:

· RAN1 strives to supports combining NR-PBCH

· The different options to be considered:

· Across SS Burst Set

· Within SS Burst Set

· Within subset of an SS burst set, e.g. within an SS burst, within a number of slot(s) etc.


In this document, we discuss on transmission scheme and DM-RS, and contents. Also, we provide the simulation results. 
2. Discussion

NR-PBCH Contents
Based on the response LS [2] from RAN2 on minimum SI delivery, it is expected that the payload size of MIB can be extended a bit. Payload size and the contents we have in mind are as follows: 
· Payload : 64 bits(48 bits information, 16 bits CRC)

· Contents : 

· At least part of SFN/H-SFN 

· Configuration information for common search space

· Center frequency information of NR carrier
Proposal 1: The payload size of MIB can be 64bits (i.e. 48bits for information and 16 bits for CRS). In the MIB, at least following contents can be included:

· At least part of SFN/H-SFN 

· Configuration information for common search space

· Center frequency information of NR carrier
Transmission Scheme and antenna port

In last meeting, it was agreed that NR supports a single antenna port based transmission schemes as working assumption. Then, we need to have further discuss regarding on candidate transmission scheme. For the single antenna port based transmission, we can consider following schemes as candidate for NR-PBCH transmission:

Alt.1: Time domain precoding vector switching (TD-PVS) scheme

Alt.2: Cyclic Delay Diversity (CDD) scheme

Alt.3: Frequency domain precoding vector switching (FD-PVS) scheme
According to the transmission scheme, NR-PBCH can achieve transmit diversity gain and/or channel estimation performance gain. TD-PVS and CDD can be considered as candidate of NR-PBCH transmission. On the other hand, FD-PVS is not preferable, because overall performance loss is appeared due to channel estimation loss. In the next section, we provide evaluation result for the performance comparison between TD-PVS and FD-PVS.
Proposal 2: For NR-PBCH transmission, Time Domain Precoding Vector Switching (TD-PVS) and Cyclic Delay Diversity (CDD) scheme should be considered.
Also, we need to discuss on antenna port assumption for NR-SS and NR-PBCH. In initial access state, it is quite natural that NR can consider different antenna port of NR-SS and NR-PBCH in order to provide network flexibility for NR-SS and NR-PBCH transmission. On the other hand, if network configuration is defined, UE can assume that antenna port of NR-SS and NR-PBCH is same or different.

Proposal 3: In initial access state, it should be assumed that antenna port of NR-SS and NR-PBCH is different for network flexibility for NR-SS and NR-PBCH transmission.
NR-PBCH DM-RS design
In the last meeting, it was agreed that DMRS is introduced for phase reference of NR-PBCH. Also, it was agreed that NR-PSS/NR-SSS/NR-PBCH are presented in every SS block, and OFDM symbols in a single SS block are consecutive. However, if it is assumed that transmission scheme is different between NR-SSS and NR-PBCH, it cannot be assumed that NR-SSS is used as reference signal for NR-PBCH demodulation. Instead, NR should design NR-PBCH based on the assumption that NR-SSS is not used as reference signal for NR-PBCH demodulation.
Proposal 4: NR-PBCH DMRS should be designed based on the assumption that NR-SSS is not used as reference signal for NR-PBCH demodulation.
For the DMRS design, we need to discuss on DMRS overhead, time/frequency position and scrambling sequence. 
Overall PBCH decoding performance can be decided by channel estimation performance and NR-PBCH coding rate. Since the number of RE for DMRS transmission has a trade-off between channel estimation performance and PBCH coding rate, we need to find the appropriate number of RE for DMRS. In [4], we provided evaluation result of PBCH decoding performance according the number of DMRS. In this evaluation, we can see that when 4 REs per RB is assigned for DMRS, better performance is provided. When two OFDM symbols are assigned for NR-PBCH transmission, 192 REs for DMRS and 384REs for MIB transmission are used. In this case, when 64bits of payload size is assumed, 1/12 coding rate can be achieved, which is same coding rate with LTE PBCH.
Proposal 5: For PBCH transmission, it should be assumed that 192REs for DMRS and 384REs for MIB are used when two OFDM symbols are assigned.
As agreed in last meeting, we can assume that multiple OFDM symbols are assigned for NR-PBCH transmission. Following the assumption, we can continue to discuss which OFDM symbol contains DMRS. In our companion contribution [3], we provided NR-PSS/SSS evaluation result including residual frequency offset after NR-PSS/SSS detection. Also, we provided NR-PBCH decoding performance base on the assumption of the residual frequency offset [4]. From the evaluation result, we can see that DMRS should be located at every OFDM symbol for NR-PBCH in order to prevent performance degradation due to residual frequency offset. So, we can conclude that each OFDM symbol for NR-PBCH transmission should contain DMRS.
Proposal 6: Each OFDM symbol for NR-PBCH transmission should contain DMRS.
For the OFDM symbol position for NR-PBCH transmission, we can consider one possibility that PBCH DMRS is used as fine time/frequency tracking RS. In [4], we observed that when longer time distance between two OFDM symbols which include DMRS are assumed, it is more beneficial for fine frequency tracking. Based on the observation, it can be decided that 1st and 4th OFDM symbols are assigned for NR-PBCH transmission.
Proposal 7: PBCH DMRS can be used as fine time/frequency tracking RS. In order to increase fine frequency tracking accuracy, 1st and 4th OFDM symbols within SS block are assigned for NR-PBCH transmission.
Also, regarding on frequency position of DMRS, we can assume the interleaved mapping in frequency domain, which can be shifted according to cell-ID. Equally distributed DMRS pattern could have benefit to use DFT based channel estimation which provide optimal performance in case of 1-D channel estimation. Also, in order to increase channel estimation performance, wideband wide RB bundling should be assumed.
Proposal 8: For frequency position of DMRS, interleaved mapping in frequency domain should be assumed. Also, frequency domain shift according to cell-ID can be assumed.
For sequence of DMRS, pseudo random sequence defined by a type of Gold sequence can be introduced. The length of DMRS sequence can be defined as the number of RE for DMRS per SS block. Also, the sequence can be initialized by cell-ID and slot number/OFDM symbol index within default periodicity of SS burst set (i.e. 20ms). Also, the index of slot and OFDM symbol can drive the index of SS block [4].
Proposal 9: The sequence of DMRS can be initialized by cell-ID and slot number/OFDM symbol index within default periodicity of SS burst set (i.e. 20ms).
NR-PBCH TTI boundary indication
In last meeting, it was agreed that NR-PBCH TTI is 80ms, and default periodicity of SS burst set is 20ms. It means that NR-PBCH is transmitted four times within NR-PBCH TTI. When NR-PBCH is repeated within NR-PBCH TTI, TTI boundary indication is necessity. Similar with LTE PBCH, it can be introduced that NR-PBCH TTI boundary is indicated by scrambling sequence of NR-PBCH. 
Proposal 10: Similar with LTE PBCH, it can be introduced that NR-PBCH TTI boundary is indicated by scrambling sequence of NR-PBCH.
Also, the scrambling sequence of NR-PBCH can be initialized by cell-ID and TTI boundary indication. Because multiple values of SS burst set periodicity are supported, the number of index for TTI boundary indication can be changed according to SS burst set periodicity. For example, four indices are required for default periodicity (i.e. 20ms), and 16 indices are necessity for shorter periodicity (i.e. 5ms).
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Figure 1. Example of NR-PBCH TTI boundary indication in case of 15kHz subcarrier spacing

In addition, NR should consider single beam and multi-beam transmission. When multiple SS blocks are transmitted within SS burst set periodicity, SS block index can be assigned for these SS blocks. For the randomization between each SS block of inter-cell, scrambling sequence should be initialized by some index related with SS block. For example, if the index of SS block is derived from the index of slot and OFDM symbol, it can be considered that scrambling sequence of NR-PBCH is initialized by the index of slot and OFDM symbols.
Proposal 11: Scrambling sequence of NR-PBCH is initialization by cell-ID, TTI boundary indication and SS block related index (e.g. OFDM symbol index, slot index).
If network configures shorter periodicity of SS burst set (i.e. 5, 10ms), more occasion for SS burst set transmission would be assigned. In this case, UE may have ambiguity regarding the TTI boundary of NR-PBCHs which are transmitted within default periodicity. For NR-PBCH TTI boundary indication for shorter periodicity, we can consider a different scrambling sequence of NR-PBCH for shorter periodicity. For example, if 5ms of periodicity of SS burst set is assumed, 16 scrambling sequences for NR-PBCH are applies. It has a clear benefit to indicate the exact boundary of NR-PBCH transmission within NR-PBCH TTI. On the other hand, blind detection complexity for NR-PBCH decoding is increased. For the reduction of the blind decoding complexity of NR-PBCH, we can introduce different NR-SSS sequence for shorter periodicity in order to distinguish between NR-SSS with default periodicity and additionally transmitted NR-SSS within default periodicity [3].
Proposal 12: For NR-PBCH TTI boundary indication for shorter periodicity, it can be considered to introduce different scrambling sequence of NR-PBCH for shorter periodicity. Also, in order to distinguish between NR-SSS with default periodicity and additionally transmitted NR-SSS within default periodicity, different NR-SSS sequence for shorter periodicity can be introduced.
Soft combining
NR should support at least SS burst set wise soft combining, which provide efficient resource utilization and PBCH coverage. Since NR-PBCH is updated every 80ms and SS burst set is transmitted every 20ms of default periodicity, at least four times soft combining is possible for NR-PBCH decoding. Also, when shorter periodicity of SS burst set is indicated, more OFDM symbol for PBCH can be used for soft combining.
Proposal 13: NR should support at least SS burst set wise soft combining.

PBCH decoding for the neighbouring cell measurements

For the neighbour cell measurement, it has to be decided whether the UE has to decode NR-PBCHs of neighbouring cells. If the SS block indexing is obtained from the NR-PBCH, consequently UEs have to decode NR-PBCH of the neighbour cells from the cell detection stages. Decoding of neighbouring cells would increase the UE complexity and it would be better not to increase unnecessary complexity. Therefore, for NR-PBCH design, it should be assumes that UE does not need to decode neighbor cell NR-PBCH for neighbor cell measurement.
On the other hand, if SS block index is delivered by a type of signal, UE can obtain the SS block index of neighbour cells from signal detection operation, which could provide a benefit of less complexity. As the candidate of signal, NR-PBCH DMRS can be considered.

Proposal 14: For NR-PBCH design, it should be assumed that UE does not need to decode neighbor cell NR-PBCH for neighbor cell measurement.
3. Performance Evaluation

In section, we provide performance result according to payload size, transmission scheme and demodulation reference signal. In this evaluation, we assume that two OFDM symbols with 24 RBs are used for NR-PBCH transmission. Also, it is assumed that multiple periodicity of SS burst set (i.e. 10, 20, 40, 80ms) is assumed, and encoded bits are transmitted within 80ms. Detailed simulation assumptions are described in Appendix A.
Payload size and NR-PBCH resource
In this subsection, we provide evaluation result according to MIB payload size (i.e. 64, 80bits). In this evaluation, we assume that 384 REs for information and 192 REs for DMRS are used within two OFDM symbols and 24 RBs. Also, single antenna port based transmission scheme (i.e. TD-PVS) is assumed.
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Figure 1. Evaluation results according to MIB payload size
In Figure 1, we can observe that NR-PBCH with 20ms periodicity can provide 1% error rate at -6dB SNR. Also, it is observed that performance of 64 bits of payload case have 0.8dB gain than that of 80bits of payload case. So, we can see that if payload size between 64 bits and 80bits is assumed, the performance requirement of NR-PBCH (i.e. 1% BLER at -6dB SNR) can be satisfied using 24RBs and two OFDM symbols.
Observation 1: If payload size between 64 bits and 80bits is assumed, the performance requirement of NR-PBCH (i.e. 1% BLER at -6dB SNR) can be satisfied using 24RBs and two OFDM symbols.
Transmission Scheme 
In this subsection, we provide evaluation result according to NR-PBCH transmission schemes (i.e. TD-PVS and FD-PVS). Note that precoders are cycled in every PBCH transmission subframe (e.g. 20ms) for TD-PVS and every N RBs (e.g. N is 6) for FD-PVS. Also, in this evaluation, we assume several periodicity of SS burst set (i.e. 10, 20, 40, 80ms), and soft combining of NR-PBCH across SS burst set within 80ms.
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Figure 2. Evaluation results according to NR-PBCH transmission scheme

As observed in Figure 2, Time-Domain Precoding Vector Switching (TD-PVS) scheme shows better performance that Frequency-Domain Precoding Vector Switching (FD-PVS) due to better channel estimation performance. In this evaluation, we can see that channel estimation performance is important than transmit diversity gain in very low SNR region.

Observation 2: Time-Domain Precoding Vector Switching (TD-PVS) scheme outperforms Frequency-Domain Precoding Vector Switching (FD-PVS) because of better channel estimation performance. 
DMRS Density

At the low SNR region, channel estimation performance enhancement is an important factor for demodulation performance enhancement. However, when RS density of NR-PBCH is increased, the channel estimation performance is improved, but coding rate is decreased. So, in order to see the trade-off between channel estimation performance and channel coding gain, we compare the decoding performance according to DMRS density. In this evaluation, we assume the following alternatives for RS density. Note that single port based transmission scheme (i.e. TD-PVS) is used for this evaluation.

· Alt.1: 2 RE per symbol per RB

· Alt.2: 4 RE per symbol per RB

· Alt.3: 6 RE per symbol per RB
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Figure 3. DMRS pattern for NR-PBCH

Figure 3 shows DMRS pattern for single antenna port based transmission. In this case, DMRS position in frequency domain is changed according to RS density, which keeps equal distance between reference signals. Also, in Figure 4, we provide performance result according to reference signal density of DMRS.

[image: image5.emf]0.001

0.01

0.1

1

-10 -9 -8 -7 -6 -5 -4

BLER

SNR(dB)

Self-contained RS, 2RE, 0.0kHz

Self-contained RS, 4RE, 0.0kHz

Self-contained RS, 6RE, 0.0kHz


Figure 4. Performance result according to reference signal density of DMRS 

As shown in figure 4, NR-PBCH decoding performance of Alt.2 is better than performance of Alt.1 because of better channel estimation performance. On the other hand, Alt.3 shows worse performance than Alt.2, because the effect of the coding rate loss is huger than the gain of channel estimation performance enhancement. As observed in this evaluation, 4 RE per symbol per RB seems proper point of RS density.

Observation 3: The performance of 4 RE per symbol per RB is better than the performance of 2 RE and 6RE per symbol per RB. 4 RE per symbol per RB seems proper point of RS density.
DMRS time position and CFO estimation
In this subsection, we provide the potential usage for CFO estimation using self-contained DMRS. If NR supports self-contained DMRS, we can expect that fine frequency offset tracking is operated using self-contained DMRS for NR-PBCH. Since frequency offset estimation accuracy depends on the OFDM symbol distance, we assume three types of NR-PBCH symbol spacing as shown in figure 5.
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Figure 5. DMRS location according to NR-PBCH symbol spacing.
This simulation is performed on SNR -6dB, and 10% CFO (1.5kHz) is applied over samples in a subframe. 4 REs per symbol per RB per port are used as self-contained RS, and located on the symbols where PBCH is transmitted. Following results show the performance of CFO estimation using DMRS for NR-PBCH. 

Figure 6 and 7 shows CDF of estimated CFO according to different NR-PBCH symbol spacing. As seen in the figures, CFO of 1.5kHz is well estimated within error of ±200Hz by 90% of UEs in both cases, and if at least 2 symbol is introduced as NR-PBCH symbol spacing, 95% of UEs shows error within ±200Hz, and 90% of UEs shows error within ±100Hz in both cases. CFO estimation performance is better when the spacing between PBCH symbols is larger, because phase offset caused by the CFO grows large as spacing increase, making easy to measure phase offset with similar effect as noise suppression. Also, large average window helps the accuracy of CFO estimation.

Observation 4: NR-PBCH DMRS based fine frequency tracking shows a potential to provide reasonable estimation accuracy.
[image: image7.emf]0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1200 1300 1400 1500 1600 1700 1800

CDF 

Estimated CFO (Hz)

1 symbol

2 symbols

3 symbols


Figure 6. CDF of evaluation results for CFO estimation with DMRS (10 subframe average)
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Figure 7. CDF of evaluation results for CFO estimation with DMRS (50 subframe average)

4. Conclusion
In this contribution, we discussed on NR-PBCH design options and evaluated the options. Our observations and proposals are as follows:

Observation 1: If payload size between 64 bits and 80bits is assumed, the performance requirement of NR-PBCH (i.e. 1% BLER at -6dB SNR) can be satisfied using 24RBs and two OFDM symbols.
Observation 2: Time-Domain Precoding Vector Switching (TD-PVS) scheme outperforms Frequency-Domain Precoding Vector Switching (FD-PVS) because of better channel estimation performance. 
Observation 3: The performance of 4 RE per symbol per RB is better than the performance of 2 RE and 6RE per symbol per RB. 4 RE per symbol per RB seems proper point of RS density.
Observation 4: NR-PBCH DMRS based fine frequency tracking shows a potential to provide reasonable estimation accuracy.
Proposal 1: The payload size of MIB can be 64bits (i.e. 48bits for information and 16 bits for CRS). In the MIB, at least following contents can be included:

· At least part of SFN/H-SFN 

· Configuration information for common search space

· Center frequency information of NR carrier

Proposal 2: For NR-PBCH transmission, Time Domain Precoding Vector Switching (TD-PVS) and Cyclic Delay Diversity (CDD) scheme should be considered.
Proposal 3: In initial access state, it should be assumed that antenna port of NR-SS and NR-PBCH is different for network flexibility for NR-SS and NR-PBCH transmission.
Proposal 4: NR-PBCH DMRS should be designed based on the assumption that NR-SSS is not used as reference signal for NR-PBCH demodulation.

Proposal 5: For PBCH transmission, it should be assumed that 192REs for DMRS and 384REs for MIB are used when two OFDM symbols are assigned.
Proposal 6: Each OFDM symbol for NR-PBCH transmission should contain DMRS.
Proposal 7: PBCH DMRS can be used as fine time/frequency tracking RS. In order to increase fine frequency tracking accuracy, 1st and 4th OFDM symbols within SS block are assigned for NR-PBCH transmission.
Proposal 8: For frequency position of DMRS, interleaved mapping in frequency domain should be assumed. Also, frequency domain shift according to cell-ID can be assumed.

Proposal 9: The sequence of DMRS can be initialized by cell-ID and slot number/OFDM symbol index within default periodicity of SS burst set (i.e. 20ms).

Proposal 10: Similar with LTE PBCH, it can be introduced that NR-PBCH TTI boundary is indicated by scrambling sequence of NR-PBCH.
Proposal 11: Scrambling sequence of NR-PBCH is initialization by cell-ID, TTI boundary indication and SS block related index (e.g. OFDM symbol index, slot index).
Proposal 12: For NR-PBCH TTI boundary indication for shorter periodicity, it can be considered to introduce different scrambling sequence of NR-PBCH for shorter periodicity. Also, in order to distinguish between NR-SSS with default periodicity and additionally transmitted NR-SSS within default periodicity, different NR-SSS sequence for shorter periodicity can be introduced.

Proposal 13: NR should support at least SS burst set wise soft combining.

Proposal 14: For NR-PBCH design, it should be assumed that UE does not need to decode neighbor cell NR-PBCH for neighbor cell measurement.
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Appendix A
Table 1. Simulation Assumptions

	Parameter
	Value

	Carrier Frequency
	2GHz

	Channel Model
	CDL_C (delay scaling values: 300ns) 

	System Bandwidth
	24RBs

	PBCH
	2 symbols (when 4 OFDM symbols are used for SS block transmission)

	Payload size
	80 bits, 64bits

	PBCH Periodicity
	10, 20, 40, 80ms

	PBCH Repetition
	8, 4, 2, 1 times in time domain within 80ms

	Subcarrier Spacing
	15 kHz

	Antenna Configuration
	2Tx & 2Rx

	Transmission Scheme
	Time Domain Precoder Vector Switching (TD-PVS)
Frequency Domain Precoder Vector Switching (FD-PVS)

	Channel Estimation
	Non-ideal

	Modulation Order
	QPSK

	Coding Scheme
	TBCC
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