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1. Introduction
In RAN1 #89 meeting, the following agreement was reached regarding the timing indication
	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
…



[bookmark: _GoBack]This contribution provides our view on timing indication.
2. Timing indication
The timing information that the synchronization signal block is expected to carry includes SFN, synchronization signal block index and 5ms timing boundary. The timing composition is illustrated in Figure 1. We propose to send the synchronization signal block index and 5ms timing boundary in the PBCH payload. 
Proposal 1: PBCH payload carries the synchronization signal block index and 5ms timing boundary.  
[image: ]
[bookmark: _Ref485310048]Figure 1. Timing indication in synchronization signal block
It is shown in companion paper [3] that, for the proposed burst-set pattern, no blind decodes are needed to combine two arbitrary blocks within a burst-set, for . Whereas at most 4 blind decodes are need for .
For SFN , two bits  are signalled in PBCH scrambling codes or PBCH DMRS (if the signalling in PBCH DMRS is reliable) to indicate the 20ms timing boundary while the rest of SFN bits are transmitted as a part of PBCH payload. There are proposals from companies to signal 3 bits   for indicating 10ms timing boundary while the rest of SFN bits are transmitted as a part of PBCH payload, which may allow UE to soft-combine PBCH over 10ms PBCH transmission. However, it should be noted that the agreed SS burst set periodicity is 20ms for initial acquisition, such 10ms PBCH soft-combining may not be possible. Nevertheless, UE can soft combine blocks 10ms apart without any blind decodes resulting from the inclusion of bit  in payload, because the bit-diffence (xor) of bit  in the two PBCHs 10ms apart is always 1. UE can hypothesize on bit difference and combine rather than hypothesizing on absolute value of the bit. As the result, signalling two bits  is sufficient. In addition, UE has to hypothesize 8 hypotheses on scrambling to detect such 3 bits of SFN, which is costlier than signalling two bits  only.
The PBCH performance across different SS block numerology, different Doppler (3km/h, 120km/h and 500km/h) and all agreed SS block composition options are comprehensively analysed in [1][2]. The detailed PBCH soft-combining discussion can be found in [3].
In the following section 3, we provide the performance of DRMS carrying different number of bits under different channel conditions and interference profiles (single cell or multi-cell). It is important to note the following things
1. Performance of DRMS carrying a certain number of bits can vary and degrade significantly in the multi-cell scenario due to the large number of cell ID and cross correlation properties between DMRS initiated by different cell IDs.
2. DMRS is used for channel estimation for PBCH demodulation. Channel estimation is the most complicated procedure in PBCH decoding. Carrying any number of bits in DMRS, unless it can be very reliability decoded with one shot at cell edge, may lead to hypothesis testing for channel estimation which will introduce unnecessary complexity to the UE 
3. Due to the performance difference between different cell ID pairs in terms of delivering timing index via DMRS, it may cause additional complexity to cell planning in order to avoid the cell ID pairs with bad performance being used in neighboring cells.
Based on the above discussion, we propose
Proposal 2: For 10-bit SFN , all bits except  are sent in PBCH payload. Furthermore, two bits  are signalled in PBCH scrambling or in SSS/DMRS.
3. Reliability of signaling information in PBCH DMRS
PBCH DMRS sequence could be used to carry additional information. To study the feasibility of carrying information on PBCH DMRS we evaluated the performance of DMRS based detection. The simulation settings and assumptions are provided in section 6. Furthermore, in the simulations provided in section 6, DMRS detection is based on DMRS in two PBCH symbols only and SSS is not used in deriving the DMRS detection metric.
In this section, we focus on an enhanced DMRS detector that relies on both DMRS and SSS to construct the detection metric. More specifically, based on SSS, UE can estimate the channel for tones within SSS transmission bandwidth. As a result, we can construct the detection metric based on such SSS-based channel estimate within SSS transmission bandwidth. For DMRS outside SSS bandwidth, we can estimate the channel based on DMRS hypothesis and derive a proper detection metric. The final detection metric is the combination of the metrics derived from DMRS within and outside SSS bandwidth. It is observed that utilizing SSS provides better DMRS detection performance than without using SSS for DMRS detection. Table 1 summarizes the single-cell simulation results where DMRS is evenly spaced with 1/3 density. 
[bookmark: _Ref486190948]Table 1: SNR at 1% DMRS miss-detection in single cell scenarios, 1/3 evenly spaced DMRS
	Channel
	# of bits
	SCS = 15kHz
	SCS = 30kHz

	
	
	3km/hr
	120km/hr
	500km/hr
	3km/hr
	120km/hr
	500km/hr

	TDL-C 
100ns
	2
	-8.6
	-8.7
	-7.3
	-8.5
	-8.9
	-8.5

	
	3
	-8.2
	-7.8
	-6.0
	-8.2
	-8.3
	-7.5

	
	4
	-7.2
	-7.2
	-5.9
	-8.0
	-8.1
	-6.9

	
	5
	-7.1
	-6.6
	-4.3
	-7.1
	-7.4
	-6.8

	
	6
	-6.3
	-6.5
	-4.2
	-6.5
	-6.7
	-6.2


    
It is important to note that single cell performance does not truly reflect the DMRS detection performance. One of the main use case for DMRS to carry SS block index such that UE can acquire SS block index faster from neighbouring cell to reduce HO latency. In this case, it is more appropriate to consider multi-cell scenario where target cell for SS block index detection experience strongest interference from the neighbouring cell (i.e. serving cell). Therefore, we evaluated the performance of PBCH DMRS detection in the presence of interference from neighbouring cells. We observe that different pairs of interference have different performance. For example, for 2 bit signalling over DMRS (4 hypotheses), the SINR requirement between cell id pairs (1, 60) and (1, 12) show up to 5dB variation. The performance is a function of correlation between the cell ID pairs. Figure 6 shows CDF of performance of DMRS detection across different cell ID pairs. We generated random cell ID pairs drawn from a uniform distribution of Cell IDs ranging from 1 to 1000. The interferer cell ID was at 10dB above thermal. We evaluated the DMRS detection performance across different cell ID pairs and captured the SINR at 1% DMRS miss-detection/detection error for transmitting {2, 3, 6} bits of information, whose CDFs are provided in Figure 2 and Figure 4 for DMRS of 1/3 and 1/4 density respectively.
The simulation results show that in spite of the good performance in the single cell, there is a significant degradation in performance for multi-cell. At -6dB CINR and 1% DMRS detection error,
· [bookmark: _Hlk486193418]2 bits can be reliably delivered for 1/3 DMRS in any PCI combinations
· Less than 2 bits are reliably delivered for 1/4 DMRS in any PCI combinations
We also provide the SINR at 0.1% DMRS detection error for transmitting {2, 3, 6} bits of information, whose CDFs are provided in Figure 3 and Figure 5 for DMRS of 1/3 and 1/4 density respectively. The motivation for looking into the 0.1% DMRS detection error is for high DMRS detection reliability. Note that highly reliable DMRS sequence detection is necessary for multiple reasons. First of all, as the name of “DMRS” suggested, the first and foremost functionality of DMRS is to provide demodulation reference signal for PBCH. If DMRS is to carry any bits, it should not interfere with the reference functionality of DMRS. As we discussed before, if UE cannot reliably detect the bits carried by DMRS, UE needs to perform channel estimation hypothesis before PBCH decoding which can significantly increase the PBCH decoding complexity, without even offering latency benefit compared to carrying bits in PBCH. Secondary, compared to carrying bits in PBCH which is CRC protected, carrying bits in DMRS has much less protection, hence mis-detection of SS block index carried by DMRS can lead to other consequence such as HO failure, etc.  
Observation 1: Multi-cell interference should be considered in deriving the number of bits that can be carried over PBCH DMRS, as cross-correlation between DMRS sequences across cells significantly impacts DMRS detection performance.  
Observation 2: For single-shot DMRS detection at -6dB SINR, only 2 bits are reliably delivered with 1/3 DMRS while less than 2 bits are reliably delivered with 1/4 DMRS for any PCI combinations.
Observation 3: The capability of carrying information in DMRS reduces significantly if a high DMRS detection requirement is required e.g., 0.1% DMRS detection error.
Another very important point to note is that channel estimation is typically much more complicated compared to the simple correlation or even PBCH Polar decoding, hence from UE complexity perspective, when performing DMRS detection, it is highly desirable to avoid running channel estimation. Furthermore, if the channel estimation or DMRS detection metric are MMSE-based, the complexity is quite high for searcher implementation since the searcher is required to estimate the PDP, target SNR and Doppler. On the other hand, adding PBCH decoding would not cause much additional complexity but with CRC, the PBCH decoding has much higher reliability compared to the DMRS detection.
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[bookmark: _Ref486192071]Figure 2: Evenly spaced DMRS 1/3, 1% DMRS miss-detection
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[bookmark: _Ref486192705]Figure 3: Evenly spaced DMRS 1/3, 0.1% DMRS miss-detection
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[bookmark: _Ref486192563]Figure 4: Evenly spaced DMRS 1/4, 1% DMRS miss-detection
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[bookmark: _Ref486192080]Figure 5: Evenly spaced DMRS 1/4, 0.1% DMRS miss-detection
4. Conclusions
This contribution has discussed the timing indication based on synchronization signal block. More specifically, the following proposals have been made:
Proposal 1: PBCH payload carries the synchronization signal block index and 5ms timing boundary.  
Proposal 2: For 10-bit SFN , all bits except  are sent in PBCH payload. Furthermore, two bits  are signalled in PBCH scrambling or in SSS/DMRS.
Observation 1: Multi-cell interference should be considered in deriving the number of bits that can be carried over PBCH DMRS, as cross-correlation between DMRS sequences across cells significantly impacts DMRS detection performance.  
Observation 2: For single-shot DMRS detection at -6dB SINR, only 2 bits are reliably delivered with 1/3 DMRS while less than 2 bits are reliably delivered with 1/4 DMRS for any PCI combinations.
Observation 3: The capability of carrying information in DMRS reduces significantly if a high DMRS detection requirement is required e.g., 0.1% DMRS detection error.
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6. [bookmark: _Ref486190000]Appendix – DMRS Misdetection Results without relying on SSS
Simulation setup for DMRS based detection of additional information is provided below. The DMRS detection is based on DMRS in two PBCH symbols only and SSS is not used to derive the detection metric. 
	 Parameter
	Assumptions

	Carrier Frequency
	4 GHz

	Channel Model
	TDL-C

	Subcarrier Spacing
	15 KHz for 4GHz Carrier Frequency

	Delay spread
	100/300/1000 ns

	Number of OFDM symbols for NR-PBCH
	2 symbols of 288 subcarriers each symbol

	DMRS density
	Every symbol, 1/3 (every 3rd RE) in each symbol

	Diversity scheme for NR-PBCH
	Single port

	Number of Rx antenna
	2

	UE speed
	3 or 120 km/h

	SINR range 
	Around -6dB

	Interference
	Single Cell and 2 Cell (one interferer assumed to be 10dB above AWGN noise)

	Detection
	One shot

	Frequency Offset
	0

	Timing Offset
	0 (Genie Timing)



6.1. Single cell Results 
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6.2. Sensitivity to the PCI combination in multi-cell scenarios 
[image: ][image: ]
[bookmark: _Ref486191965]Figure 6: DMRS detection performance for Cell ID Pairs
6.3. [image: ]Multi Cell DMRS Detection Results CDFTDL 100ns DS, 15kHz SCS, 3kmhr
 DMRS carry 2 bits

[image: ]Figure 6: CDF for carrying 3 bits
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Figure 8: CDF for carrying 2 bits on DMRS


6.4. Results for few Multi-Cell Pairs – 1/3 DMRS Density 
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6.5. Results for a Few Multi-Cell Pairs – 1/6 DMRS Density
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