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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1 89 meeting, polar code is adopted for NR-PBCH with a working assumption on time index indication design [1]. 
Agreement:
· Polar coding is adopted for NR-PBCH
· Using same polar code construction as for the control channel
· Nmax = 512
· Working assumption that the data, including time index if carried by NR-PBCH excluding DMRS, is transmitted explicitly	
· Can be revisited if significant benefit is shown from partial implicit transmission of time index if allowed by the polar code design

The composition of SS blocks is agreed as follows [1]:
Agreements:
· The transmission of SS blocks within SS burst set is confined to a 5 ms window regardless of SS burst set periodicity
· Within this 5 ms window, number of possible candidate SS block locations is L
· The maximum number of SS-blocks within SS burst set, L, for different frequency ranges are
· For frequency range up to 3 GHz, L is 4
· For frequency range from 3 GHz to 6 GHz, L is 8
· For frequency range from 6 GHz to 52.6 GHz, L is 64
· Note that RAN1 assumes minimum number of SS blocks transmitted within each SS burst set is one to define performance requirements

In RAN88bis, the following was agreed [2]:
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 contribution, the performance gain of a soft-combination is firstly presented. Then the technical merits of an implicit time index transmission of polar code will be discussed to show how it can facilitate soft-combination of SS blocks with different indices.
Discussion 
Although SS blocks across SS Burst Set with same SS index can be soft-combined to achieve performance gain attributed to power accumulation, a receiver may wait for 80 ms to combine 4 SS blocks. Since a SS burst set is agreed to be less than 5-ms window despite SS burst set periodicity, a combination within a SS Burst Set, if achievable, would result into a power gain within a 5ms detecting window, much shorter than the 80ms NR-PBCH TTI. 
A soft-combination on a polar code can be supported with an implicit and/or explicit time indication schemes that are detailed in [3][4][5]. An explicit indication scheme is firstly introduced in [4] and studied by [6][7]. It employs the linear property of CRC and Polar code so that an explicit time index encoded in NR-PBCH is treated as a time-index-related scrambling code over a coded block. One implicit indication can be achieved by a time-index-related permutation over a coded block. Admitting that there are several implicit time-indication schemes, we will consider low complexity in combining NR-PBCH coded blocks transmitted in different SS blocks indices at UE side. 
Performance
The gain attributed to a soft-combination over an AWGN channel is shown in [3]. For further evaluation, we simulate it over a fading channel with the following simulation assumption for sub-6G in Table I
Table I: Simulation assumptions
	Carrier Frequency
	4 GHz

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

	Subcarrier Spacing
	15kHz

	UE Speed
	3km/h

	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

	PBCH payload size
	72

	# RE for PBCH
	498


 [image: ]
[bookmark: _Ref484771009]Figure 1 Performance gain attributed to soft-combination for sub-6G
Figure 1 demonstrates about 3dB gain when two LLR vectors are combined with omni-directional antenna pattern in a low speed channel model.
Similarly, we simulate it in case of high frequency with beam sweeping at the TRP side, with the assumptions in Table II.


Table II: Simulation assumptions
	Carrier Frequency
	30 GHz

	Channel model
	CDL-C
· with delay scaling values of 30 ns 
· ZSA = 5 degree, ZSD = 1 degree
· ASA = 30 degree, ASD = 5 degree

	Subcarrier Spacing
	120kHz

	UE Speed
	3km/h

	Antenna configuration at the TRP
	(4,8,2) with directional antenna element

	Antenna configuration at the UE
	(2,2,2) with directional antenna element

	PBCH payload size
	72

	# RE for PBCH
	498
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[bookmark: _Ref484783698]Figure 2 Performance gain attributed to soft-combination for HF
Figure 2 shows significant gain up to 4 dB attributed to a soft-combination for considered simulation assumption. 
Observation-1: Soft-combination of SS blocks within a SS burst set has significant gain. 
Complexity
Both implicit and explicit soft-combination algorithms are discussed in [3][4][5]. The complexity of a soft-combination mainly depends on the number of blind decoding attempts. 
In case of explicit time index indication, several received LLR vectors are combined in function of an absolute tentative time (T) hypothesis and its relative time offset (δt). A SCL detector could test all possible hypothesise until a correct one is found. Accordingly, if several LLR vectors are to be combined with m tentative time hypothesis, m times SCL decoding and CRC check are called.
In case of implicit indication, the combining rule is only related to the relative time (δt) of the received LLRs and thus can be fully determined without the knowledge of absolute time index. Then only one SCL decoding is required over the soft-combined LLR. The absolute time index is related to the number of transformation over decoded vector with a CRC acknowledge. To support a combination of m different copies, only once-time SCL decoding and m CRC check is needed.
Table III summaries some key features of implicit and explicit indication schemes when soft-combination is employed. 
[bookmark: _Ref484176239]Table III. Complexity summary of implicit and explicit time index indication


In Table III, for implicit indication, while additional log2(m) CRC bits are required in order to secure a target FAR, its timing-index is reduced by log2(m) bits. It keeps an overall payload as constant value. But for explicit indication, the time index bits is included into a payload and the length of CRC increase too, which results into log2(m) overhead bits. The performance loss due to the additional overhead has been shown in the [7]
Consider one example for SCS 15kHz, where there are only 4 SS blocks within a SS Burst Set. The SS block mapping scheme is detailed in [8] and also plotted here in Figure 3. 
[image: ]
[bookmark: _Ref485625349]Figure 3 SS blocks mapping for 15kHz SCS slot
[bookmark: _GoBack]When combining two PBCH whose locations are δt symbols departed. The number of hypotheses is analyzed as follows, and also shown in Figure 4 where the x-axis indicates the interval of the two received SS blocks location in term of symbols. 
· When the interval is 7 symbols, the UE has to combine and decode the SS blocks assuming the time indices of these two SS blocks are “1” and “2”, or “2” and “3”, or “3” and “4”, where there are 3 hypotheses. 
· When the interval is 14 symbols, the UE has to combine and decode the SS blocks assuming the time indices of these two SS blocks are “1” and “3”, or “2” and “4”, where there are 2 hypotheses. 
· When the interval is 21 symbols, there is only 1 hypotheses, i.e., the time indices of these two SS blocks are “1” and “4”. 
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[bookmark: _Ref485628651]Figure 4 Number of hypotheses for combining 2 PBCH within a SS burst set of 4 SS blocks
For an implicit indication with cyclic shift detailed in [3], only one SCL decoding is required; whereas for an explicit indication, at most 3 blind decoding attempts are needed to combine two arbitrary SS blocks within this burst set, which is exactly same to the number of hypotheses. It can be observed that implicit scheme can save the number of blind decoding attempts while explicit scheme cannot. 
  [image: ]
[bookmark: _Ref485369177]Figure 5 Number of blind decoding attempts for combining 2 PBCH within a SS burst set of 4 SS blocks

Consider another example of combining two SS blocks whose locations are δt symbols departed, within a burst set with 64 SS blocks for the SCS 240kHz scenario [8]. 
[image: ]
Figure 6 SS burst set composition for 240kHz, 64 SS Blocks
With the inconsecutive SS block mapping, the symbol interval between different pairs of SS blocks varies, and thus the boundary of a 4-SS-block group is directly derived from the relative timing of the received SS blocks. When UE performs soft combining between these two SS blocks, the UE has to try multiple hypotheses of time index blindly to decode the PBCH.  When UE knows the symbol interval between two detected SS blocks, the UE can reduce the number of attempts for blindly decoding.  For example, when the symbol interval is 32, the UE has to combine and decode the SS blocks assuming the time indices of these two SS blocks are “1” and “6”, or “2” and “7”, or “3” and “8”; or “5” and “10”, or “6” and “11”, or “7” and “12”;...  there are 45 hypotheses rather than near 64. Figure 7 provides the total number of hypotheses for each possible symbol interval.  
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[bookmark: _Ref485630168]Figure 7 Number of hypotheses for combining 2 PBCH within a SS burst set of 64 SS blocks
The number of blind decoding attempts for combing two SS blocks is compared with an explicit and hybrid scheme (2 bits implicit with cyclic shift in [3] + 4 bits explicit) in Figure 8. The bottom chart represents fully explicit indication scheme, which has almost the same number of blind decoding attempts as the total number of hypotheses. The first chart represents hybrid explicit and implicit indication scheme, which can reduce the number of blind decoding attempts greatly. 
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[bookmark: _Ref485630351]Figure 8 Number of blind decoding attempts for combining 2 PBCH within a SS burst set of 64 SS blocks

Observation-2: To support the soft-combination, implicit design with polar code shows much lower detection complexity than explicit design. 

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
Observation-1: Soft-combination of SS blocks within a SS burst set has significant gain. 
Observation-2: To support the soft-combination, implicit design with polar code shows much lower detection complexity than explicit design. 
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				Mechanism		Complexity of Decoder		Complexity of Timing detection		Complexity of
Soft combining		Max RV number
(N)		Systematic error		Special design to fix systematic error		Performance loss due to specifed code design		BLER

				QC's design on TBCC		1 x VA		circular shift on decoded bits + CRC check		circular shift on LLR		14 for LTE payload		YES, can be fixed		mask on 16-bit CRC		NO		Bad

												payload size (>=14)		YES		FFS, no good solution

				Timing-related permutation		1 x SCL		permutation on decoded bits + CRC check		permutation on LLR		12(can be improved)		YES		scrambling on info		depends on (N,K), 0.1dB expected		~Good



				Timing-related circular shift		1 x SCL		transformation on decoded bits + CRC check		circular shift on LLR		4 for any (N,K)		Yes, can be fixed		mask on frozen		NO		Good

												8 for (N=512, K<=46)						0.1-0.2dB expected for (N=512,46<K<56)		~Good

				Timing-related scrambling
(Polar specified)		 log2(N) x SCL 		scrambling on decoded bits + CRC check		scrambling on LLR		ANY		NO		-		NO		Good

				Timing-related scrambling
(LTE-PBCH-like)		N x SCL		CRC check		scrambling on LLR		ANY		NO		-		NO		Good
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				Mechanism for m copies soft-combination		# Max. blind detection 		# Max CRC check		Soft combining rule		# additional CRC bits due to multiple CRC check		# time index bits in payload

				Implicit indication		1 x SCL 		m x CRC		related to δt		log2(m) 		0

				Explicit indication		m x SCL		m x CRC		related  to T & δt		log2(m) 		log2(m) 
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