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1 Introduction

In RAN1#88 and 88bis meeting, the following were agreed [1]
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 targets design of NR PBCH to be no larger than [100 bits] and no less than 40 bits including CRC.

· This simply provides guidance for potential minimum and maximum value.
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.
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
· Send a LS to RAN4 asking confirmation for 5 ~ 80ms, and ask confirmation for support of 160 ms
· List potential issues that companies raised concerns on 160ms into LS.
· Prepared draft LS to RAN4 within Wednesday in R1-1706576 – Daewon (Intel) 
In this contribution, the physical channel design and contents of PBCH are discussed. Some evaluations are also provided. 
2 Discussion 

2.1 SFN 

It has been agreed that at least part of SFN is indicated and PBCH TTI is 80ms. It is working assumption that NR-PSS, NR-SSS and NR-PBCH are present in every SS block. Furthermore, although UE could assume 20ms is the default periodicity of SS block, the periodicity of SS block could also be adjusted to other values, such as 5, 10, 40, 80, and 160 ms. The SFN indication approaches, similar to LTE:
Alt 1: Least 3 bits of SFN implicitly indicated by PBCH and highest 7bits explicitly included in MIB. The least 3 bits of SFN are implicitly indicated through blind decoding of 8 self decodable units with different phase of PBCH scrambling code. 
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Fig. 1 Alt 1: least 3 bits of SFN implicitly indicated by PBCH and 7bits explicitly included in MIB.
Alt 2: 2nd and 3rd least bits of SFN implicitly indicated by PBCH and 8bits explicitly included in MIB. The highest 7 bits and the least 1 bit of SFN are explicitly included in MIB. The 2nd and 3rd least bits of SFN are implicitly indicated through blind decode 4 self decodable units with different phase of PBCH scrambling code. 
During the initial SS detecting procedure, UE will assume SS with default 20ms periodicity. Similar to LTE, UE shall try to decode and combine PBCH with 20ms interval. Since the TTI of PBCH is 80ms, UE will combine and decode 4 self decodable units within 80ms TTI before PBCH is successfully decoded. Therefore, the 4 different self decodable units actually implicitly indicate the 2nd and 3rd least bits of SFN. For the exact SFN of 2 radio frames indicated implicitly, the least 1 bit of SFN is explicitly included in MIB. Figure 2 shows the SFN indication procedure of Alt 2. Specifically, the least bit of SFN is 0, where the same SFN is transmitted explicitly in the frame 0,2,4,6 as illustrated in Figure.2. UE could simply combine the PBCH from the SS block with the same SS block time index in different SS burst sets, since their contents are the same. The only difference is the implicit bits to indicate the exact frame number.
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Fig. 2 Alt 2: 2nd and 3rd least bits of SFN implicitly indicated by PBCH and 8bits explicitly included in MIB 

For the updated SS periodicity, the same 2nd and 3rd least bits of SFN are implicitly indicated by PBCH transmitted in every two radio frames during 80ms TTI. For example, in a 80ms PBCH TTI, the phase of PBCH scrambling code is same within the 2 radio frames group and different across the 2 radio frames groups. Figure 3 shows implicit indication of SFN with updated SS periodicity. Specifically, for the frame 1,3,5,7 the least bit of SFN is 1, which is explicitly included in the PBCH.
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Fig. 3 Same 2nd and 3rd least bits of SFN implicitly indicated by PBCH transmitted in every two radio frames 
Alt1 has one bit less that are transmitted explicitly in PBCH and hence would yield slightly higher combination gain. However it will increase the FAR and increase the UE decoding complexity with 8 blind decode attempts for PBCH scrambling code. Alt2 has less decoding complexity with only 4 blind decode attempts for PBCH scrambling code. Compared to Alt1, only one more payload bit is needed in the PBCH. Combination of SS block can be performed every 20ms, since UE will assume default 20ms SS periodicity during initial access before acquiring the updated SS periodicity. Table 1 compares both Alt1 and Alt2: 
Table 1: Comparison of Alt1 and Alt2

	
	Decoding complexity
	PBCH payload overhead
	PBCH combination

	Alt1
	8 blind attempts 
	7 bit for SFN field
	20ms interval assumption

	Alt2
	4 blind attempts
	8 bit for SFN field
	20ms interval assumption


In our view, Alt2 is slightly preferred for less decoding complexity and only one more payload bit. 
Proposal 1: Highest 7 bits and least bit of SFN are indicated in PBCH. The 2nd and 3rd least bits of SFN are implicitly indicated through decoding 4 different phases of PBCH scrambling code.
2.2 PBCH Payload  

It has been agreed that PBCH provides configuration information for the NR-PDCCH scheduling the NR-PDSCH carrying the remaining minimum system information. Therefore, such contents will be included in PBCH with possibly around 2 bits. Furthermore, explicit SS block time index indication could be included in PBCH, and please refer to [2] for more details. 2 bits of the SS block time index are implicitly indicated by PBCH via cycle shift and 4 bits are explicitly indicated by PBCH. Note that the blind detection complexity for cycle shift is much lower than the blind detection of the implicit bits of SFN, since it does not need UE decoding for the blind detection. Specifically, only four times CRC check is enough for the 2 bits detection.
In addition, adaptive NR-SS burst set periodicity can be indicated by NR-PBCH as described in our contribution [3]. The size could be 3 bits for 6 candidate values. Considering other bits by following LTE design, the payload of NR-PBCH can include the following fields with possible 48bits. The other contents may also be included in the PBCH, which is FFS. RACH configuration with too large size should not be included in PBCH, which will highly influence the performance of PBCH. Note that SS block time index is not part of RACH configuration, which is used for subframe/slot/symbol timing. Hence, tentatively, the PBCH payload comprises of the following:
· SFN field (8bits)
· NR-PDCCH scheduling the RMSI in NR-PDSCH ([2]bits)  
· SS block time index indication (4 bits)

· SS periodicity (3 bits)

· System bandwidth field ([3] bits)
· Padding fields (10 bits)

· CRC (16+[2]bits)
In LTE, the payload size of PBCH is 40 bits occupying 288REs.  NR-PBCH occupies 288 subcarriers and 2 OFDM symbols, i.e., 576REs. Therefore, the maximum estimated payload of NR-PBCH could be around 80bits. For above 6GHz, the performance for single antenna port based transmission scheme with different size of payload is given in the following figure. Perfect channel estimation is assumed with total 288 REs used for PBCH payload transmission. The detailed evaluation parameters are given in Table 2 in appendix. It can be observed that for 72bits payload the SNR is about -5.5dB@0.01 BLER. With imperfect channel estimation of SNR loss, smaller payload would be needed to provide additional coding gain. So, slightly smaller payload could be expected. 

Observation: A NR-PBCH payload of less than 72 bits should be targeted. 
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 Fig. 4 Estimated size of payload of PBCH 

2.3 Demodulation RS for PBCH
In RAN1#88bis, it was agreed that DMRS is introduced as PBCH phase reference. While whether the antenna port of the PBCH is the same as the one of SSS in the SS block is still under discussion.  If the antenna port of the PBCH is the same as the one of SSS, SSS can be used for PBCH demodulation, in addition to the specific DMRS.
Especially in the case of beam-based transmission with huge beam number, using SSS as a complementary DMRS of PBCH can simplify the specific DMRS design and reduce the resource overhead.

In an SS block, PBCH and SS are multiplexed in TDM manner as illustrated in Fig. 5. For NR-PBCH transmission, it can be assumed that PBCH is transmitted with the same beam as PSS/SSS in an SS block, so that NR-SSS can be used as the DMRS for PBCH.
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Fig.5
An SS block composition

However the bandwidth of PSS/SSS is almost half of PBCH bandwidth. For the PRBs where both SSS and PBCH are presented, NR-SSS can act as DMRS of PBCH. For the PRBs in an SS block where NR-SSS is not presented, the specific DMRS is essential. 

In Fig.6, the link level simulation results for 2GHz band are provided to evaluate the following 4 DMRS patterns, where the coding rate and occupied REs for PBCH transmission is the same. The simulation assumption is given in Table 2 in Appendix.
· Alt1: Use dense DMRS only for PBCH demodulation

· Alt2: Use dense DMRS in the PRBs without PSS/SSS and use SSS in the PRBs with NR-PSS/SSS for PBCH demodulation

· Alt3: Use sparse DMRS only for PBCH demodulation

· Alt4: Use sparse DMRS in the PRBs without PSS/SSS and use SSS in the PRBs with PSS/SSS for PBCH demodulation
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Fig.6 BLER performance comparisions
As shown in Fig. 6, Alt2 has about 0.5dB loss at 1% BLER than Alt1. However, 50% DMRS overhead can be saved for Alt2, i.e., total 48 REs can be saved for 288 PBCH subcarriers. If sparse DMRS is assumed to further reduce overhead, Alt4 has about 1dB performance gain at 1% BLER than Alt3, while saving 50% DMRS overhead. In our view, SSS can be used for PBCH demodulation to save DMRS overhead, especially in case of spare DMRS configuration. To enable SSS as a complementary DMRS of PBCH, we propose that,
Proposal 2: The antenna port of the PBCH is the same as the antenna port of NR-SSS in the SS block. 
As illustrated in Fig.7, the DMRS pattern in the PRBs with NR-PSS/SSS/PBCH is very sparse, which can be mapped in one symbol only.  It is used with NR-SSS for interpolation of channel estimation. While the DMRS pattern in the PRBs without NR-PSS/SSS is much denser to provide reliable channel estimation.  It can be mapped in an interleaved manner in frequency and time domains for channel interpolation.  It is expected that the schemes in Fig.7 can achieve a tradeoff between performance and resource overhead compared to above mentioned alternatives.
Furthermore, the DMRS patterns can be classified into a self-contained pattern in NR-PBCH as shown in Fig.7 (a) and a self-contained pattern in SS block as shown in Fig.7 (b).  In Fig.7 (b), a part of DMRS is located outside of NR-PBCH symbols within the same SS block. In other words, the antenna port(s) of the PRBs outside of NR-PBCH symbols within the same SS blocks should be the same antenna port(s) as NR-PBCH, where the DMRS could be shared between NR-PBCH and PRBs outside of NR-PBCH within the same SS blocks, e.g., for transmission of PDCCH scheduling the paging message and/or remaining minimum system information. Obviously DMRS pattern in Fig. 7 (b) occupies less resource overhead of NR-PBCH. 
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(a) Self-contained DMRS in NR-PBCH                              (b) Self-contained DMRS in SS block
Fig. 7 DMRS patterns for NR-PBCH

As discussed and analyzed above, we have following proposals, 
Proposal 3: To fully use of NR-SSS to demodulate NR-PBCH, NR should support different DMRS patterns in the PRBs with NR-PSS/SSS and the ones without NR-PSS/SSS.
Proposal 4: The antenna port(s) of the PRBs outside of NR-PBCH symbols within the same SS blocks should be the same as the antenna port(s) of NR-PBCH, where the DMRS could be shared between NR-PBCH and PRBs outside of NR-PBCH within the same SS blocks.

· E.g., for transmission of PDCCH scheduling the paging message and/or remaining minimum system information.
2.4 PBCH combining
In addition, the combining of NR-PBCH based on the agreement is also discussed. The different options to be considered include:

– 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 LTE, PBCH can be combined within 40ms TTI, since the contents of PBCH within 40ms are consistent. In NR, PBCH should carry SS block time index indication, which is different for different SS blocks. The PBCHs in the same SS block across SS burst set can be combined at least, since the SS block time index indication in these PBCHs is same. 

As discussed in section 2.1, the least bit of SFN is explicitly included in MIB. During initial access, UE does not know the SS periodicity, and shall try to combine PBCH with 20ms interval. For 5/10/20ms period of SS block burst set case, combination can be performed every 20ms, since the contents of SFN field in PBCH in even frames or odd frames of 80ms TTI are the same respectively. 

Considering above two aspects, at least the combination of NR-PBCH across SS burst set should be supported. The PBCH combination with at least 20ms interval can be considered. 
As discussed in [2], NR-PBCH with explicit SS block time indication using Polar code can also allow soft combining of SS blocks within an SS burst set to exploit the combining gain. Therefore, for the PBCH combining, the following is proposed. 
Proposal5: Combining of NR-PBCH across SS burst set and within SS burst set should be supported.
3 Summary of proposals
In this contribution, the physical channel design of PBCH and corresponding evaluation are given and analyzed. The observations and proposals in this paper are summarized as follows:
Observation: A NR-PBCH payload of less than 72 bits should be targeted. 
Proposal 1: Highest 7 bits and least bit of SFN are indicated in PBCH. The 2nd and 3rd least bits of SFN are implicitly indicated through decoding 4 different phases of PBCH scrambling code.

Proposal 2: The antenna port of the PBCH is the same as the antenna port of NR-SSS in the SS block. 

Proposal 3: To fully use of NR-SSS to demodulate NR-PBCH, NR should support different DMRS patterns in the PRBs with NR-PSS/SSS and the ones without NR-PSS/SSS.
Proposal 4: The antenna port(s) of the PRBs outside of NR-PBCH symbols within the same SS blocks should be the same as the antenna port(s) of NR-PBCH, where the DMRS could be shared between NR-PBCH and PRBs outside of NR-PBCH within the same SS blocks.

· E.g., for transmission of PDCCH scheduling the paging message and/or remaining minimum system information.
Proposal 5: Combining of NR-PBCH across SS burst set and within SS burst set should be supported.
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5 Appendix

Table 2. Evaluation assumptions for link-level simulation 
	Attributes
	Values

	Carrier Frequency
	2 GHz
	40GHz

	Subcarrier spacing
	15 kHz
	120KHz

	PBCH payload
	80 bits
	48/72/96 bits

	PBCH bandwidth
	288*2 REs
	288*2 REs

	Modulation 
	QPSK
	QPSK

	Channel coding
	 Polar code
	Polar code

	Delay spread
	1000 ns
	30ns

	Period
	40ms /4 times repetition
	One shot detection

	Tx scheme
	1-port precoder cycling
	1-port precoder cycling

	TRP antenna config.
	2T, omini
	(M, N, P) = (4, 8, 2); With directional antenna element (HPBW=650, directivity 8dB

	UE antenna config.
	2R, omini
	(M, N, P) = (2, 4, 2); With directional antenna element (HPBW=900, directivity 5dB). 

	Antenna port virtualization
	N/A
	DFT codebook, TRP with 32 beams in two polarizations, UE 8 beams in two polarizations

	Frequency / time offset
	0 at TRP and UE
	N/A

	Phase noise
	N/A
	Follow the PN models of [4]

	Channel model
	TDL-C
	CDL-C with delay scaling values of 30 ns 

ASA = 60 degree,  and ASD = 25 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

	Reference signal
	DMRS density: 

· dense DMRS with 4 REs  per RB
· sparse DMRS with 2 REs per RB
	N/A

	UE speed (km/h)
	2.7
	3


PRB with NR-PSS/SSS/PBCH








