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1. [bookmark: _GoBack]Introduction
In this contribution we further discuss aspects of synchronization signal (SS) time index indication.

2. Number of Bits Required for Time Index Signaling
Based on the agreements so far, we first estimate the number of required bits for the time index signaling. The time index signaling should be able to accommodate the various SS block periodicity configurations agreed to be supported in NR, and should be able to provide the radio frame and slot frame boundaries. Therefore, the time index signaling should provide a unqiue identification of the slot index within the radio frame (i.e. 10 msec).


[bookmark: _Ref481582891]Figure 1. Illustration of 5 ms measurement gap within 80 ms NR SS burst set periodicity.

Additionally, we have agreed that all the SS blocks from a cell be confined within 5 msec time interval regardless of the configured SS burst set periodicity. Therefore, the time index signaling will at least need to identify 5 msec time interval within the radio frame, a half radio frame indication if you will.  An example of the SS block placement within the slot and time index signaling is shown in Figure 2.
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[bookmark: _Ref481759123]Figure 2. Example of SS Block placement within a slot
 
For lower frequencies, NR needs to support 8 different SS block positions within the 5 msec time window, which requires 3 bits of information. The half radio frame indication will require 1 more bits, totaling 4 bits of information for the lower frequencies that can support up to 8 SS blocks per SS burst set period.
For higher frequencies, NR needs to support 64 different SS block positions within the 5 msec time window, which requires 6 bits of information. The half radio frame indication will require 1 more bits, totaling 7 bits of information for the lower frequencies that can support up to 8 SS blocks per SS burst set period.
Proposal 1:
· Time index signaling is 4 bits for NR SS with 15 and 30 kHz subcarrier spacing.
· Time index signaling is 7 bits for NR SS with 120 and 240 kHz subcarrier spacing.

3. Delivery of Time Index Signaling
It was agreed that time index signaling is sent in PBCH with the condition that mobility and handover related requirements can be met. As discussed in our companion contribution [2], depending the required number of bits for SFN which can range from 8 to 18 bits, the total payload of PBCH contents excluding time index signaling can be from 63 bits to all the way up to ~80 some bits. This is almost twice what LTE PBCH payload size was. Inclusion of the time index signaling can push up the PBCH payload size to all the way up to 100 bits. 
For neighbor cell measurements (including inter-frequency measurements), only the time index signaling is required for the UE. The rest of the PBCH contents is quite useless for the UE performing measurements. In fact, other than SFN, the contents of the PBCH is not needed even for UEs performing handover. This implies that PBCH may need to be over-dimensioned such that PBCH contents including the time index signaling can be reliably decoded. 
Typically, reliable PBCH decoding can be done with soft-combining of the receive bits across SS burst set periodicity. As long the configured SS burst set periodicity is smaller than 80 msec, UE can take full advantage of combining PBCH for reliable reception of PBCH. However, for measurements UE may not be able to perform soft-combining of PBCH due to measurement gap and cycle configurations. Therefore, PBCH soft-combining should not be relied to provide better performance and detection reliability for the time index signaling acquisition.
The two time index signaling delivery methods are described below:
· Option 1) DMRS based Time Index
4 ~ 7 bits of Time index indication is embedded into the PBCH DMRS sequence. This option requires that time index signaling be able to maintain good cross correlation property between different time indices and also between different cell IDs. The latter cross correlation property becomes important in synchronous multiple cells deployments.
· Option 2) BCH payload based Time Index
BCH is explicitly signaled as part of the BCH payload. This requires decoding of BCH to obtain the time index signaling. It should be noted that Polar code with base matrix size of 512 was agreed as working assumption for BCH coding scheme. Therefore, option 2 implies that UE may need to perform multiple polar decoding for all the detected neighbor cells on top of any blind decoding for PDCCH. This option does provide re-use of existing decoder hardware designed for PDCCH and regular PBCH for time index signaling, it does create significantly more computational complexity compared to Option 1.   
· Option 3) Hybrid on option 1 and 2, 
This option is combining option 1 and 2, where few bits are sent through DMRS sequences, and rest are sent along with BCH payload. The major problem with this proposal is that the time index signaling performance not only depends on successful detection of the DMRS sequences, but also successful decoding of PBCH contents. As shown in the simulation results, the decoding of the PBCH contents impact the overall performance of time index signaling.  

We have evaluated Option 1, 2, and 3 in terms of time index detection performance. For Option 1, we have multiplied the time index signal on top of the DMRS. The time index signaling was scrambled on top of the DMRS over the bandwidth that is shared with PSS and SSS. This allows the UE to coherently detect the time index signaling by obtaining the channel estimation values from the detected SSS. Figure 3 shows the performance comparison with various uniform DMRS density. Figure 4 shows the performance comparison with non-uniform DMRS density. The non-uniform DMRS density represents DMRS density of 1/2 in the bandwidth same as NR PSS and SSS and DMRS density of ¼ in the bandwidth outside the NR PSS and SSS bandwidth. The overall DMRS density for non-uniform DMRS pattern is similar to DMRS density for uniform pattern with 1/3 overhead.
[image: ][image: ]
(a) DMRS overhead of 1/2								(b) DMRS overhead of 1/3
[image: ] [image: ]
(a) [bookmark: _Ref485998742]DMRS overhead of 1/4								(b) DMRS overhead of 1/6
Figure 3. Time index signaling delivery method comparison with various uniform DMRS density
[bookmark: _Ref486269357][image: ][image: ]	
Figure 4. Time index signaling delivery method comparison with non-uniform DMRS density
From the evaluation, it is evident that DMRS overhead of at least 1/3 is required to get reliable detection performance of time index signaling using option 1. Time index signaling performance is be further optimized by having non-uniform DMRS density across frequency, where higher DMRS density is used in the bandwidth that is the same as NR PSS and SSS bandwidth and lower DMRS density is used in the bandwidth that is outside the NR PSS and SSS bandwidth. Further performance improvement can be made by performing non-coherent detection of time index signaling outside the PSS and SSS bandwidths and combining with the coherent detection of the time index signaling within the PSS and SSS bandwidths. This will improve the detection performance of option 1 further. The simulation results also confirm that hybrid mixing of Option 1 and Option 2 does not improve detection performance at all, and it also requires more detection complexity as both DMRS sequence and PBCH decoding is required to obtain the time index signaling. Additionally, as shown in Figure 4, the DMRS based time index signaling will improve much further when the time index signaling is limited to 4 bits in the lower carrier frequency.
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[bookmark: _Ref486028493]Figure 5. 4 bit DMRS based Time Index Signaling Detection Performance Comparison

It should be noted that on top of the time index signaling for the SS block position within the radio frame, we may need to additional signal the PBCH TTI boundary to aid the UE to perform efficient soft combining of the received and detected PBCH.
Proposal 2:
· Do not split the time index signaling information and send it through DMRS sequences and PBCH payload. Time index signaling should be only sent either through DMRS sequences or PBCH payload.
· Effective DMRS density of 1/3 or higher is required to support NR PBCH DMRS based time index signaling.
· Non-uniform DMRS pattern across frequency, can provide a good balance between optimizing time index signaling detection when mapped to DMRS sequences and optimizing PBCH BLER performance.

4. PBCH TTI Boundary Indication
Although in practice system information do not get update dynamically, the PBCH contents (including MSB bits of SFN) could potentially change every PBCH TTI boundary. As explained in our companion contribution [3], if the PBCH TTI boundary is known prior to decoding of PBCH, UE may be able to perform soft combining of PBCH instances within the PBCH TTI boundary with much less complexity.
[image: ]
[bookmark: _Ref485406863]Figure 6. Two different cases of potential PBCH combining two instances from the UE
One of the biggest component of the PBCH combining complexity is from the fact that UE is unable to distinguish PBCH instance between two cases shown in Figure 4. Case (1) is UE receiving consecutive PBCH from two instances belonging to the same PBCH content. Case (2) is UE receiving consecutive PBCH from two instances belong to different PBCH content. Namely the SFN is different between the two PBCH. Before decoding the PBCH, the UE is unable to distinguish case (1) and case (2). Therefore, UE need to consider the possibility that the two received PBCH cannot be soft combined directly.
Proposal 3:
· Implicit mapping of SFN is only supported if PBCH TTI boundary is informed prior to decoding of PBCH. One example is via DM-RS sequences of the NR PBCH. 

5. Implicit Signaling of Time Index or SFN in PBCH
In LTE, the last 2 LSB bits of SFN is implicitly signaled in PBCH with use of different redundancy version (RV). Similarly implicit signaling of time index signaling is possible also for NR PBCH. Since the transmission of PBCH is low and base matrix used for PBCH is limited to 512, the performance different between chase combining and IR combining is expected to be quite small. Therefore, among implicit mapping methods, bit permutation, scrambling, and RV are expected to perform similarly. Implicit LSB of SFN signaling via scrambling is shown in Figure 5.
[image: ]
[bookmark: _Ref486027827]Figure 7. Implicit LSB SFN signaling via scrambling
Furthermore, we can show that there is equivalence between explicit signaling and scrambling method. This is possible because polar code are linear codes. If PBCH with LSB of SFN is encoded using polar codes, it is equivalent to encoded bit XOR of PBCH without LSB of SFN using polar codes and LSB of SFN and CRC encoded using polar codes. This equivalence is shown in Figure 6. Therefore, we can view the polar encoded bits of LSB of SFN and CRC as scrambling code in the implicit LSB SFN signaling via scrambling method. 
Based on these observations, we believe there is no need to support implicit mapping of LSB of SFN in PBCH, and explicit methods should enable implicit-like soft combining of PBCH signaling. 
[image: ]
[bookmark: _Ref486027999]Figure 8. Illustration of linearity of Polar Codes
Proposal 4:
· Consider explicit signaling of LSB of SFN in PBCH. 


6. Summary
In this contribution, we expressed our views on SS block time index signaling. Some aspects related to the mapping of SS blocks within NR slots were also discussed. Based on the discussion above, we summarize our proposal as below.
Proposal 1:
· Time index signaling is 7 bits for NR SS with 15 and 30 kHz subcarrier spacing.
· Time index signaling is 10 bits for NR SS with 120 and 240 kHz subcarrier spacing.
Proposal 2:
· Do not split the time index signaling information and send it through DMRS sequences and PBCH payload. Time index signaling should be only sent either through DMRS sequences or PBCH payload.
· Effective DMRS density of 1/3 or higher is required to support NR PBCH DMRS based time index signaling.
· Non-uniform DMRS pattern across frequency, can provide a good balance between optimizing time index signaling detection when mapped to DMRS sequences and optimizing PBCH BLER performance.
Proposal 3:
· Implicit mapping of SFN is only supported if PBCH TTI boundary is informed prior to decoding of PBCH. One example is via DM-RS sequences of the NR PBCH. 
Proposal 4:
· Consider explicit signaling of LSB of SFN in PBCH. 
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Appendix – Simulation Assumptions

Table 1. Link Level Simulation Parameters
	Simulation Parameters
	Values

	Channel Model
	CDL-C, 100ns RMS delay spread

	Coding Scheme
	Polar Code
List 8 SC decoder
Bit Sequence based on [2]
Random interleaving of encoded bits.
circular buffer rate matching for extension
natural bit ordered type 1 rate matching for puncturing/shortening
PC Base Matrix size 512

	Modulation
	QPSK

	Number of subcarriers for PBCH
	288

	Number of OFDM symbols for PBCH
	2

	DMRS
	Uniform density across all OFDM symbol
1/3, 1/4, and 1/6 overhead

	Test PBCH Payload (including CRC)
	64 bits, 72 bits

	CRC length
	19 bits

	Channel Estimation
	MMSE based channel estimation

	UE mobility
	3 km/hr and 120 km/hr

	CFO, Timing
	Perfect CFO estimation
Perfect timing estimation
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