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1 Introduction
[bookmark: _Ref178064866]In RAN1#89 and RAN1#90, the following agreement was reached on PBCH, [1, 2].
	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, 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

Agreements:
· NR strive to support same payload size between below-6 and above-6 GHz
· SS block time index:
· 3 bits (b5, …, b3) for SS block time index in NR-PBCH payload only in case of above 6 GHz
· b5, …, b3 for SS block time index are not carried in NR-PBCH payload in case of below 6 GHz
· 3 bits in NR-PBCH payload in below 6 GHz case may be used for other purpose(s)
· …
Agreements:
· 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




Suggested content of PBCH, [5]:

	Information
	Number of bits
	Comment

	SFN
	10
	

	RMSI configuration
	[8]
	Includes all information needed to receive the PDCCH and PDSCH for RMSI including RMSI presence flag, RMSI/MSG2/4 SCS, possible QCL indication, and indication of initial active bandwidth part(if needed). 8 bits is the target with exact number of bits to be confirmed.

	SS block time index
	3
	Only present for above 6 GHz

	Half frame indication
	
	Inclusion depends on agreement

	“CellBarred” flag
	1
	

	1st PDSCH DMRS position
	1
	Working assumption

	PRB grid offset
	4
	

	Reserved bits
	[13] (sub 6 GHz)
[10] (above 6 GHz)
	· There will be at least 4 reserved bits. 
· In addition, reserved bits are added to achieve byte alignment.
· Any additional agreed fields will reduce the number of reserved bits

	CRC
	[19]
	Discuss if PBCH CRC should be PBCH-specific or aligned with PDCCH.

	Total including CRC
	56
	



According to the agreement above, Alternative 1-1 from [3] is further investigated in this contribution. Polar code construction for NR-PBCH is studied to search for the best design choice. 
1.1 Time Index Carried Explicitly via NR-PBCH
As discussed in initial access context, [0-7] bits are carried in NR-MIB to indicate Timing information within radio frame, which can be, for example, SS block time index and/or half radio frame timing. In this contribution, we focus on SS block Time Index, which is a field that varies from one SS block to another SS block within the SS burst set. In general, the same analysis applies for any field in NR-MIB that increments among multiple NR-PBCH instances, while soft combining is needed among the multiple NR-PBCH instances. In this sense, “Time Index” is a stand-in for any of such fields.
 There are two types of methods for carrying the Time Index indication on NR-PBCH. 
· One type of methods is information bit based, i.e., carry the Time Index by the encoder input. 
· The other type of methods is coded bit based, i.e., carry the Time Index by the encoder output.
Contribution [3] investigated four different methods for carrying the Time index on the NR-PBCH. Three of them are typed as Information bit based and the fourth is for the other types. The agreement and the working assumption at last meetings [1, 2] is interpreted as that the Time index is included as part of the information bit and protected by the CRC. This corresponds to Alternative 1-1 in [3].  Alternative 1-1 in [3] is the only option where the message can be decoded directly without making a hypothesis testing, when one instance of NR-PBCH is received (i.e., no soft combining). The hypothesis testing is only applied when doing soft combining as this is needed to combine two or more NR-PBCH before decoding the MIB.
This contribution investigates the impact of the soft combining and the hypothesis testing for decoding the time index together with the rest of MIB. Two receiver scenarios are investigated:
Scenario A. Single instance of NR-PBCH. Only one instance of NR-PBCH is received, and the UE performs direct decoding of the one instance;
Scenario B. Soft combining of multiple instances of NR-PBCH. Multiple instances of NR-PBCH are received by the UE. The UE performs soft combining of the multiple instances of NR-PBCH, then the UE performs polar decoding of the combined channel LLR vector. For Scenario B there are two variants: 
· Scenario B1: where each soft combining is tested to stop the decoding when there is a match (minimizing the latency) and 
· Scenario B2: where n message are first combined before attempting to decode the message.
Between receiver Scenario B1 and B2, Scenario B1 is a more likely scenario for actual receiver implementation, since in real-life scenario, how many (value ‘n’) messages can be combined is not known to the receiver. The receiver has to perform ‘blind decoding’ incrementally like Scenario B1. In this sense, Scenario B2 is an idealized case, and should be used only as a reference representing the best possible receiver performance for a given value ‘n’.
1.2 Time Index explicitly carried as a part of info bits
This method is illustrated in Figure 1.  Time Index is explicitly carried as a part of info bits, and the CRC bits is generated based on the Time Index and the rest of MIB bits.
When decoding one instance of NR-PBCH (i.e., Scenario A), CRC protects the Time Index. When try to soft combine multiple instances of NR-PBCH (i.e., Scenario B), the cover code removes the Time Index and the CRC vector corresponding to it. In this scenario, CRC bits do not protect the Time Index.
After Time Index field is removed by applying a cover code, the Time Index field is made to be all-zero from the perspective of the Polar decoder. This can help with the hypothesis testing as the right hypothesis should have an all zero Time Index. 


[image: ]
[bookmark: _Ref484174792]Figure 1. Time Index explicitly carried as part of the information bits.

1.3 Placement of NR-PBCH Payload Bits
As illustrated by the table of suggested content of PBCH [5], roughly 1/3 of the PBCH payload bits have known values. This includes:
· The [13] and [10] reserved bits for sub 6 GHz and above 6 GHz, respectively.
· The 3 bit Time Index for above 6 GHz. 
· In the hypothesis testing, the time index bits are all zero as used in decoder of Section 2.4.
Note that there is no Time Index for sub 6 GHz. Hence all 13 bits are reserved and can be used for early termination.
In summary, for both sub 6 GHz and above 6 GHz, [13] bits have known values of all-zero. 

Although the PBCH payload size and the CRC polynomial/interleaver are not yet defined, one can already observe that the known bits should be placed as early as possible according to the CRC interleaver pattern, so that the known bits can be leveraged for maximum early termination gain. Placing the bits as early as possible also has the benefit of allowing information-carrying bits to be placed at higher-reliability positions. 
In principle, if K0 bits have known values, then the first K0 entries of the CRC interleaver pattern should be used to carry the known values. For examples, 
· Using CRC19 and associated interleaver (given in Section 2.1), and the assumption of K0=13 bits with known values, one should place the 13 known bits at:
Known-bit locations for CRC19: 		[1, 4, 5, 8, 10, 11, 14, 15, 16, 20, 24, 26, 28].
· [bookmark: _GoBack]Using CRC24 and associated interleaver (given in Section 2.1), and the assumption of K0=13 bits with known values, one should place the 13 known bits at:
Known-bit locations for CRC24: 		[0, 2, 3, 5, 6, 8, 11, 12, 13, 16, 19, 20, 22].

After reserving the known-bit locations, the rest of PBCH payload (including CRC bits) should be placed in the remaining (K+LCRC - K0) bit locations.

1. Place the [13] Reserved Bits in the first [13] locations in the CRC interleaver pattern. 

2 Performance of Distributed CRC for NR-PBCH
2.1 Simulation Setup
As agreed, the same Polar code construction used for DCI should be used for NR-PBCH. Hence, the tested Polar code construction uses the distributed CRC with an associated interleaver, the same as for DCI. The following simulation assumptions are applied in evaluating the performance with carrying the time index as information bits:
· PBCH payload size including CRC: 56 bits as baseline [5], [6]. Option 3 of 64 bits is also included for the purpose of performance comparison.
· Option 1: 56 bits including CRC. CRC19 bits  37 bits information excluding CRC bits, [5].
· Option 2: 56 bits including CRC. CRC24 bits  Reducing number of reserved bits, thus 32 bits information excluding CRC bits. The number of reserved bits is reduced to 8 and 5 for sub 6 GHz and above 6 GHz, respectively. 
· Option 3: 64 bits including CRC. CRC24 bits  Increasing number of PBCH bits to 64 bits (8 bit aligned), increasing to 40 bits information excluding CRC bits.  The number of reserved bits is increased to 16 and 13 for sub 6 GHz and above 6 GHz, respectively.
· Code word size is M = 864 bits,
· M = 9 (9 usable REs after excluding DMRS) * 24 (#PRB) * 2 (2 OFDM symbols) * 2 (QPSK) = 864 bits
· Polar code size DL: Mother code Nmax= 512 bits.
· SCL list size L = 8;
· Distributed CRC with associated interleaver, same as that of DCI; The decoder can utilize the distributed CRC for early termination of PBCH decoding, if desired; 
· CRC19:
· [bookmark: _Hlk492641637]Polynomial: 0x97599 [D19 + D16 + D14 + D13 + D12 + D10 + D8 + D7 + D4 + D3 + 1]
· Length-72 Interleaver for Kmax =53 bits with CRC19 and 3 distributed CRC bits: 
[1, 4, 5, 8, 10, 11, 14, 15, 16, 20, 24, 26, 28, 30, 31, 35, 44, 45, 46, 48, 51, 52, 58, 12, 19, 21, 22, 25, 32, 33, 37, 38, 39, 47, 68, 7, 9, 17, 18, 27, 41, 50, 61, 0, 2, 3, 6, 13, 23, 29, 34, 36, 40, 42, 43, 49, 53, 54, 55, 56, 57, 59, 60, 62, 63, 64, 65, 66, 67, 69, 70, 71]
· CRC24:
· Polynomial: 0x1b2b117 [D24 + D23 + D21 + D20 + D17 + D15 + D13 + D12 + D8 + D4 + D2 + D + 1]
· Length-224 Interleaver for Kmax = 200 bits with CRC24, as in TS 38.212 v1.0.0: 
[0, 2, 3, 5, 6, 8, 11, 12, 13, 16, 19, 20, 22, 24, 28, 32, 33, 35, 37, 38, 39, 40, 41, 42, 44, 46, 47, 49, 50, 54, 55, 57, 59, 60, 62, 64, 67, 69, 74, 79, 80, 84, 85, 86, 88, 91, 94, 102, 105, 109, 110, 111, 113, 114, 116, 118, 119, 121, 122, 125, 126, 127, 129, 130, 131, 132, 136, 137, 141, 142, 143, 147, 148, 149, 151, 153, 155, 158, 161, 164, 166, 168, 170, 171, 173, 175, 178, 179, 180, 182, 183, 186, 187, 189, 192, 194, 198, 199, 200, 1, 4, 7, 9, 14, 17, 21, 23, 25, 29, 34, 36, 43, 45, 48, 51, 56, 58, 61, 63, 65, 68, 70, 75, 81, 87, 89, 92, 95, 103, 106, 112, 115, 117, 120, 123, 128, 133, 138, 144, 150, 152, 154, 156, 159, 162, 165, 167, 169, 172, 174, 176, 181, 184, 188, 190, 193, 195, 201, 10, 15, 18, 26, 30, 52, 66, 71, 76, 82, 90, 93, 96, 104, 107, 124, 134, 139, 145, 157, 160, 163, 177, 185, 191, 196, 202, 27, 31, 53, 72, 77, 83, 97, 108, 135, 140, 146, 197, 203, 73, 78, 98, 204, 99, 205, 100, 206, 101, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223]
· 3 bits represent the Time index.

The interleaver above is used as an example for testing, mainly because the actual NR-PBCH info block size is not yet defined. When the final NR-PBCH info block size K is decided, a corresponding interleaver of length (K+LCRC) should be defined, where LCRC is the CRC polynomial length for NR-PBCH.
As discussed earlier, 2 receiver scenarios exist, with Scenario B further characterized as Scenario B1 and B2.  In this contribution, only A and B1 is analyzed to support as early decoding as possible and shortening the latency. Scenario A and B1:
· Scenario A: Equivalent to decode one message – when carrying the time index as information bits, this means no hypothesis testing
· Scenario B1: Soft combining of n messages and do hypothesis testing after each received message and combining. Thus, a total of n decoding is done for n messages. N in this contribution equals 2 and 3.
2.2 Simulation Results
Simulation results are presented below in sections 2.3-2.5. Based on the simulation results below, the following observations can be made:
Observation 1 [bookmark: _Hlk485660818]Explicit Time index carried as part of NR-PBCH information bits enables a single decoding of one received message without hypothesis testing.
Observation 2 Hypothesis testing with explicit time index can use two tests to reduce the false positives: (a) CRC check; (b) the decoded time index (with cover removal) should be zero.
Observation 3 Testing each received message after accumulation increases false alarm and affect decoding performance.
Observation 4 Testing each accumulated message greatly improves the decoding time since decoding can stop as soon as there is a successful hypothesis.
Observation 5 The early termination feature enabled by the distributed CRC decrease the decoding time modestly at low SNR.
Observation 6 Time index bits can be used for early termination, if the hypothesis testing tests that the Time index is all zero.

Based on the discussion in this contribution we propose the following:
1. Adopt a 19 bit CRC for the NR-PBCH.
1. Use CRC Polynomial 
0x97599: [D19 + D16 + D14 + D13 + D12 + D10 + D8 + D7 + D4 + D3 + 1]. 
1. Adopt the interleaver of length (K+19) corresponding to the proposed length-72 interleaver, where K is the info block length (excluding CRC) of NR-PBCH.

2.3 [bookmark: _Ref492640443]Time Index explicitly carried as a part of info bits
The simulation results of when Time index is carried as information bits for Scenario A and Scenario B1 are shown in Figure 2. 
As described in simulation setup, the following 3 Options of PBCH configurations are tested in this subsection.
· Option 1: K+LCRC = 37+19 = 56 (bits).
· Option 2: K+LCRC = 32+24 = 56 (bits). 
· Option 3: K+LCRC = 40+24 = 64 (bits). 
As can be observed from Figure 2, Option 1 performs as good as the option 2. Option 3 with more information bits has worse performance compared this both option 1 and option 2. Option 2 has the disadvantage of fewer reserved bits than option 1. 

[image: ]
[bookmark: _Ref484165893]Figure 2. Comparing Option 1, 2 and 3.
2.4 [bookmark: _Ref492640453]Early termination
For the PBCH decoding there are two parts of early termination
1. Only accumulate if the previous decoding fails, i.e. the decoding is stopped when it is successfully decoded (used for all simulations)
2. Using the early termination feature supported by the distributed CRC.
Figure 6 shows the relative decoding time for the PBCH when Time Index is represented with 3 bits (8 hypothesis). Early termination in the plot is referring to the second part, i.e. early termination of the decoder using the distributed CRC. 
[bookmark: _Ref492638178][image: ]
Figure 6. Relative decoding time for 3 bits Time Index for option 1, 2 and 3.
Looking at the plot, it can be concluded that the largest contribution to the decrease of the decoding time is that we can stop when we have successfully decoded the message, with or without accumulation. 
· At ~-11 to ~-10.5 dB Es/N0, all decoding is stop after soft combining of 2 messages even though the decoder is allowed to use soft combining of 3 messages.  
· Somewhere between -8 and -6 dB, the decoding should be successful only using the 1st received message.
In this simulation, the assumption has been that the Time Index bits are the first information bits in the payload. As pointed out in Section 1.3, the Time Index bits can be placed to the front of decoding order to assist with early termination.  
In addition to d-CRC bits, the Time Index bits could also be used for early termination in the hypothesis testing as the test is that the time index bits are all zero in one implementation method of the decoder. If all lists have a non-zero time index bits the decoding can be stopped. If the hypothesis testing is made differently, i.e. not testing on that the time index bits are all zero, the decoder cannot use the time index for early termination. In this case, only the d-CRC bits can be used.

2.5 False Alarm Rate
Figure 7 shows the FAR performance of the PBCH with intended codeword transmission, CRC19, and the length-72 interleaver for K=53.  
Table 4. Simulation parameters for FAR
	Signal
	Intended Polar codeword

	Channel
	AWGN

	Modulation
	QPSK

	List size
	8

	Information length with CRC
	K=[21:53]+19

	Code length
	M=864, Nmax=512

	CRC Polynomial
	D19 + D16 + D14 + D13 + D12 + D10 + D8 + D7 + D4 + D3 + 1



As shown in this figure, the proposed interleaver pattern satisfies the FAR requirement for all SNR values.  As expected, FAR decreases as SNR increases.


[image: ]
[bookmark: _Ref493440565][bookmark: _Ref493440556]Figure 7. False alarm rate (FAR) for the proposed length-72 interleaver.

3 Conclusions
In this contribution, methods for carrying Time Index indication with PBCH are studied. The following observations are made:
Observation 1 Explicit Time index carried as part of NR-PBCH information bits enables a single decoding of one received message without hypothesis testing.
Observation 2 Hypothesis testing with explicit time index can use two tests to reduce the false positives: (a) CRC check; (b) the decoded time index (with cover removal) should be zero.
Observation 3 Testing each received message after accumulation increases false alarm and affect decoding performance.
Observation 4 Testing each accumulated message greatly improves the decoding time since decoding can stop as soon as there is a successful hypothesis.
Observation 5 The early termination feature enabled by the distributed CRC decrease the decoding time modestly at low SNR.
Observation 6 Time index bits can be used for early termination, if the hypothesis testing tests that the Time index is all zero.
Based on the discussion in this contribution we propose the following:
1. Place the [13] Reserved Bits in the first [13] locations in the CRC interleaver pattern.
1. Adopt a 19 bit CRC for the NR-PBCH.
1. Use CRC Polynomial 
0x97599: [D19 + D16 + D14 + D13 + D12 + D10 + D8 + D7 + D4 + D3 + 1]. 
1. Adopt the interleaver of length (K+19) corresponding to the proposed length-72 interleaver, where K is the info block length (excluding CRC) of NR-PBCH.
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